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ABSTRACT 
Agastache is a genus of perennial plants in the mint 
family primarily native to North America. This genus produces 
aromatic oils that are used in foods, drugs, and perfumes. 
Agastache has also been reported to be a valuable source of 
nectar for honey bee forage. The genus has gained importance 
in America, Asia, and Europe as a component of tea mixtures 
and as a flavoring in confections. Because of the increasing 
popularity of this genus and our limited base of knowledge 
about it, this dissertation project was conducted to address 
questions of how aromatic compoxinds and isozymes are inherited 
in A. foenicultm. In addition, the genetic control of 
anthocyanin production and malate dehydrogenase was 
investigated in A. rugosa. 
A comprehensive review of research investigations on the 
genus Agastache is presented. The review covers morphologic, 
cytogenetic, and taxonomic studies of Agastache. It also 
includes references describing biochemical studies of 
Agastache and others describing the culinary, pharmaceutical, 
and ornamental applications of this genus. 
I conducted studies to determine the inheritance of some 
common aromatic compounds and of isozymes in A. foeniculum. 
Controlled crosses were made between individuals with 
different chemotypes and isozyme banding patterns and their F, 
progenies were analyzed. Hypotheses describing the genetic 
control of the production of myrcene, limonene, and 
methylchavicol and of Cat, Got-2, Pgm-2, Tpi-1, and Tpi-2 were 
tested. In general, production of the three aromatic 
viii 
coinpounds is controlled by single genes with, dominant alleles. 
The number of alleles effecting high production of aromatic 
compounds could not be determined. Results also revealed that 
Cat, Got-2, Pgm-2, Tpi~l, and Tpi-2 are each controlled by a 
single gene with codominant alleles. I also conducted a study 
to determine the inheritance of anthocyanin production and of 
malate dehydrogenase banding patterns in A. rugosa. These 
data also support the hypothesis that each of those traits is 
controlled by single genes. This is the first report of 
heritable variability in A. rugosa. In general, the genetic 
behavior of Agastache is that of a normal diploid species. 
1 
CHAPTER 1. GENERAL INTRODUCTION 
The genus Agastache (Lamiaceae) includes 22 species of 
aromatic herbaceous perennials, almost exclusively native to 
North America. An increasing number of publications from 
many nations indicates that Agastache is a candidate for 
large-scale cultivation as a source of nectar for honey bees 
(Ayers and Widrlechner, 1994a, b, c) and as an aromatic plant 
for its essential oils, such as methylchavicol and linalool, 
which are important to the flavoring and perfume industries 
(Charles et al., 1991; Mazza and Kiehn, 1992; Nykanen et al., 
1989; Smale and Nelson, 1996; Svoboda et al., 1995; Wilson et 
al., 1992) . Tucker (1994) reported that A. foeniculum could 
be used as a sxibstitute for french tarragon. Poncavage 
(1995) described A. foeniculum (anise hyssop) as one of 12 
easily cultivated herbs as sources of flavorful teas. 
Galambosi and Galambosi-Szebeni (1992) reported that in 
Finland, A. foeniculum has been gaining practical importance 
as a culinary herb since 1981 when a commercial firm began to 
use and trade it in various tea mixtures. In New Zealand, 
Agastache has been evaluated as a potential new crop as an 
oimamental, for its aromatic foliage, and for its strong 
attraction to honey bees (Smale and Nelson, 1996). The leaves 
and flowers of A. foeniculum have been reported to be used in 
cakes, ices, and sweets and can be added fresh to salads and 
desserts for a visual and tasty accent (Van Hevelingen, 1994; 
Hopkinson et al., 1994; Lima, 1986; Galambosi and Galambosi-
Szebeni, 1992) . In Asia, Agastache has also been reported to 
I 
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be used for culinary and flavoring purposes. Dung et al. 
(1996) reported the use of this plant year around as a 
flavoring agent in Vietnam. Lee et al. (1995) reported that 
the leaves of this plant have been used as spice for fish-
based foods in Korea. 
There are many good sources of information about 
Agastache. Three papers by Ayers and Widrlechner (1994a, b, 
c) bring information together for Agastache as a nectar 
source. And I have put together a literature review (Chapter 
2) covering all other aspects of the genus. Most of the 
sources, however, are limited to describing characteristics of 
Agastache. Little or no work has been conducted to explain 
the genetic factors controlling important traits of Agastache. 
In addition to the comprehensive review, this dissertation 
reports the results of three experiments studying the 
inheritance of aromatic compounds, isozymes, and anthocyanin 
production in Agastache. 
Aromatic compounds are key factors in determining the 
quality and acceptance of herbs, spices, and essential oils. 
The United States is the largest importer of these products in 
the world, importing about two-thirds of its national spice 
requirements (FAS/USDA, 1996). Imports of condiments, 
seasonings, and flavorings (including spice oleoresins) to the 
United States in 1995 totaled $445.3 million, an increase of 4 
percent from the 1994 level (FAS/USDA, 1996), while national 
imports of essential oils in 1995 totaled $241.5 million, up 
17 percent from the previous year's level (FAS/USDA, 1996). 
Aromatic compounds are predominantly products of the 
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secondary metabolism of plants and are usually isolated from 
the oils extracted from leaves, fruits, flowers, and 
heartwoods (Banthrope et al., 1972). Biosynthesis of aromatic 
compounds is generally genetically controlled and derives 
mainly from two metabolic pathways, the mevalonic acid pathway 
for terpenes and the shikimic acid pathway for 
phenylpropanoids (Croteau, 1991; Endo and Suga, 1992; Murray 
et al., 1972; Nishizawa et al., 1989). 
Despite the rising trend in demand for plant-derived 
aromatic products, little of this demand is now met by 
domestic agricult-ural production. Agastache foeniculxm is one 
of seven species of Agastache section Agastache (mint family) 
native to North America (Lint and Epling, 1945; Vogelmann, 
1983; GPFA, 1986) . Several studies have reported the 
composition and content of the essential oils of A. foeniculum 
(Charles et al., 1991; Mazza and Kiehn, 1992; Nykanen et al., 
1989; Smale and Nelson, 1996; Svoboda et al., 1995; Wilson et 
al., 1992). In those studies, methylchavicol and limonene 
have been reported to be the main components of its essential 
oil. 
My first study (Chapter 3) was conducted to quantify the 
major essential oils of various populations of A. foeniculum 
and to elucidate patterns of genetic control and relationships 
among myrcene, limonene, and methylchavicol. Agastache 
foeniculum could be a good model system for the study of 
aromatic compounds. It is a diploid species with relatively 
short generation time, 3-4 months. In addition, A. foeniculum 
has known isozyme markers and chemotype variability. 
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Knowledge of the inheritance of aromatic compounds can help 
design breeding schemes for development of specific chemotypes 
of Agastache and may serve as a guide for the improvement of 
commercially important herbs in the mint family. 
For over three decades, enzyme electrophoresis has 
provided valuable data to study patterns of genetic and 
biosystematic variation in plants (Kephart, 1990) . Numerous 
literature reports document the successful application of 
enzyme electrophoresis to help gain a better understanding of 
the breeding behavior of plant populations (Brown, 1979; 
Hamrick and Godt, 1991) and of the heterotic response of crops 
based on parental isozymic differences for morphologically- or 
pedigree-related hybrid combinations (Sekhon and Gupta, 1995) . 
Polymorphic enzymes (isozymes) have also been used as genetic 
markers in genetic linkage and mapping studies (Arus et al., 
1994; Goodman et al., 1980) as well as for determining the 
ploidal level of plant populations (Gottlieb, 1982; Rieseberg 
and Soltis, 1989) . Other applications of isozyme markers 
include acceleration of gene introgression, evaluation of wild 
populations, and gene tagging (Cousineau and Donnelly, 1992) . 
More generally, isozymes have also been reported as 
appropriate genetic markers for many aspects of plant 
germplasm management (Bretting and Widrlechner, 1995). 
My second study (Chapter 4) was conducted to determine 
the mode of inheritance of five isozymes reported to be 
polymorphic in A. foeniculum and to verify their quaternary 
structures. Inheritance of 5 isozyme loci for A. foeniculum 
was studied by analyzing the progeny of controlled crosses via 
5 
Starch gel electrophoresis of their protein products. The 
polymorphic loci studied were Cat, Got-2, Pgm-2, Tpi-1, and 
Tpi-2. 
Agastache rugosa is an autogamous species evidently with 
little genetic diversity (Charles et al., 1991? Vogelmann, 
1983; Wilson et al., 1992). Some variation, however, has 
been reported to occur in this species. Fujita and Fujita 
(1973) have reported significant variation in the composition 
and content of its essential oils fay describing a novel high-
methyl eugenol variant. Fuentes-Granados and Widrlechner 
(1995) observed variability in malate dehydrogenase (MDH-3) 
banding patterns and in anthocyanin production (purple-
flowered wild type vs. white-flowered variants in a single 
accession of A. rugosa. In that study, the genetic control 
for these phenotypes was not elucidated. Therefore, my final 
study (Chapter 5) was designed to determine the inheritance of 
variation at the Mdh-3 locus and the genetic control of 
anthocyanin production in A. rugosa. 
Djgggctatign Organization 
The following dissertation is composed of six chapters 
three of which are complete papers suitable for submission to 
professional journals, and a fourth was published in 
HortScience. Chapter 2 is entitled "An overview of Agastache 
research." Chapter 3 is entitled "Inheritance of aromatic 
compounds in Agastache foeniculum (Pursh) Kimtze." Chapter 4 
is entitled "Inheritance studies of five loci controlling 
isozymes in Agastache foeniculum (Pursh) Kuntze." Chapter 5 
6 
is entitled Inheritance of anthocyanin production and malate 
dehydrogenase isozymes in Agastache rugosa (Fisher & Meyer) 
Kiintze." General Conclusions follow Chapter 5, auid General 
Literatxire cited in the General Introduction and General 
Conclusions follows the General Conclusions. In addition, I 
have included Appendix A, Making controlled crosses in 
Agastache, and Appendix B, Standardized gas chromatographic 
data. 
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CHAPTER 2. AN OVERVIEW OF AGASTACHE RESEARCH 
A paper siibmitted to the Journal of Herbs, Spices, and 
Medicinal Plants 
Roger G. Fuentes-Granados, Mark P. Widrlechner, 
and Lester A. Wilson 
ABSTRACT: A comprehensive review of research reports 
investigating the genus Agastache is presented. A general 
introduction to the genus as well as morphologic, cytogenetic, 
and taxonomic studies of Agastache begin this review. The 
genus, including two sections {Agastache and Brittonastrum), 
contains a total of 22 morphologically distinct species. 
Twenty of the 22 species are known to be diploid organisms 
with haploid chromosome number, n = 9. A substantial part of 
the review focuses on biochemical studies, specifically, those 
dealing with the uses of Agastache and its products. 
References describing protocols for extraction and analyses of 
a total of 16 enzyme systems are summarized. Extraction 
procedures of flavonoids and terpenoids from inflorescences, 
leaves, stems, and roots of Agastache are also reported from 
the literature. Flavonoids and terpenoids are common 
constituents of many medicinal plants with biological effects 
demonstrated in humans or animals. A total of 54 compounds 
has been reported as components of the essential oil of 
Agastache, with methylchavicol, also known as estragole, as 
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the main component. Considerable variability in the oil's 
composition and content exists among species and even among 
populations. In addition, reports on the safety and uses of 
methylchavicol in the food industry and of the herbal, 
flavoring, and medicinal uses of Agastache per se are 
included. The final part of the review focuses on the 
ornamental and agronomic/horticultural (cultivation) aspects 
of Agastache. 
INTRODUCTION 
The genus Agastache (Lamiaceae) includes 22 species of 
aromatic herbaceous perennials, almost exclusively native to 
North America. Research on this genus has been conducted in 
many parts of the world but has been disproportionately 
focused on only a few species. Agastache foeniculum and A. 
rugosa have been the main foci of studies on the uses, 
composition, and cultivation. Other species, such as A. 
palmeri and A. paxrvifolia, are generally only encountered in 
floristic or taxonomic studies. Here, it is our intent to 
bring together a critical review including much of the current 
and past work on Agastache, with a desire to provide the 
reader with an overview that summarizes the description, 
taxonomy, biochemistry, uses, and agronomic and horticultural 
aspects of this increasingly popular genus. Our report also 
provides extensive references to published studies on all 
aspects of this genus, for those readers who wish to delve 
further. 
An increasing number of publications from many nations 
i 
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indicates that Agastache is a candidate for large-scale 
cultivation as a source of nectar for honey bees (3) and as an 
aromatic plant for its essential oils, such as methylchavicol 
and linalool, which are important to the flavoring and perfume 
industries (9, 33, 36, 49, 60). We will emphasize studies 
focusing on food, flavoring, and fragrance rather than those 
regarding bee forage for two reasons: the interests of the 
readers of this journal and the existence of a recent 
comprehensive review of Agastache as a bee forage (3, 4, 5). 
MORPHOLOGY, CYTOGENETICS, AND TAXONOMY 
Members of the genus Agastache are robust perennial 
plants with upright growth habit and oppositely arranged oval 
to triangular leaves. One of the two sections of the genus, 
section Brittonastrum, has species with leaf laminas varying 
in size from two to six cm long (43). The other section, 
Agastache, has members with a broader range in variability for 
laminar size, from one to fifteen cm long (54) . Stems in the 
genus Agastache are simple or branched. Under greenhouse 
conditions, the amount of branching seems quite variable both 
within and between populations (54). Agastache possesses 
squarish stems and a creeping root system similar to other 
mints but without the invasiveness common to many related 
genera (52) . Agastache is also somewhat unusual in the mint 
family for its terminal tip inflorescences; since many mint 
species flower instead from axillary buds (24). 
Lint and Epling (32) described the flowers of Agastache 
as being in sessile or pedunculated verticils with calyces 
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being either whitish or colored and corollas rose, violet, 
yellow, or white. The inflorescences of section Agastache are 
usually spike-like in appearance, being composed of very 
compact verticillasters. Less frequently, the inflorescences 
are moniliform. Often the lower verticillasters are remote 
but this does not occur with much systematic regularity (54) . 
Section Brittonastrum possesses inflorescences either 
continuous and spikelike to brushlike or discontinuous and 
moniliform to loosely ramified, having their lower cymose 
clusters often separated by greater distance than those higher 
in the inflorescences (43). Agastache inflorescences contain 
many small blossoms that open over a prolonged period of time. 
Widrlechner (58) reported flowering periods for A. foeniculum 
and A. rugosa extending more than 80 days from mid-Jiane to 
mid-September. The flowering period of A. nepetoides, 
however, was reported to be shorter than 45 days (58) . 
Agastache pallida was reported to flower from mid-June to late 
August (24). 
Cytogenetic studies of 20 of the 22 Agastache species 
reported all as being diploid organisms. Vogelmann (55) 
described the procedures for fixing and staining chromosomes 
from buds and root tips of Agastache section Agastache. For 
the eight species of section Agastache, Vogelmann (55) 
reported the haploid chromosome number to be, n = 9. Sanders 
(42) reported the haploid number of chromosomes for 12 
Brittonanstnim species he evaluated as also being n = 9. The 
length of the chromosomes at Metaphase I in section Agastache 
was reported to range between 1 and 2 microns (55). Similar 
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ranges in Che length of the chromosomes were reported by 
Sanders (42) for species of section Brittonastnm. 
The most recent taxonomic study of the entire genus was 
conducted by Lint and Epling in 1945. They divided the genus 
into two sections, Brittonastrum and Chiastandra. Following 
the International Code of Botanical Nomenclature, section 
Chiastandra is properly named section Agastache. Section 
Agastache has flowers with the lower stamens ascending under 
the upper lip of the corolla and the upper stamens thrust 
down, exerted between them. Section Brittonastrum, on the 
other hand, has flowers with parallel stamens, with both pairs 
thrust similarly out from the tiibe (32) . 
According to Lint and Epling (32) , eight species form 
section Agastache and 14 others form section Brittonastrum. 
Lint and Epling also noted that members of Agastache present 
little intraspecific variation in comparison with the species 
of section Brittonastrum. 
All but one of the species of Agastache are native to 
North America. The exception is A. rugosa, a native to 
eastern Asia. The other species of section Agastache are 
native to western, north central, and eastern North America, 
whereas species of section Brittonastrum are native to the 
southwestern part of North America, including Mexico. 
Two more recent taxonomic studies of Agastache have been 
conducted by Vogelmann (54) and Sanders (43) for sections 
Agastache and Brittonastrum, respectively. Results of those 
studies generally agreed with conclusions of Lint and Epling 
(3 2) except for a few specific issues. Vogelmann (54) noted 
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that the species A. parvifolia, A. occidenta.lis, and A. 
urticifolxa. of Lint and Epling (32) closely resemble each 
other and could possibly be combined into one highly 
polymorphic species, with three subspecies. In that case, 
section Agrastache would include only six species:, A. 
cusickii, A. foeniculxm, A. nepetoides, A. rugosa, A. 
scrophularxifolia, and A. xirticifolia (54) . 
The taxonomic study conducted by Sanders (43) in section 
Brittonastrum led to six significant differences in the 
taxonomy of the section when compared to Lint and Epling's 
(32) treatment. Those points were: 1) Sanders divided Section 
Brittonastrum into five series; 2) he recognized a new 
species, A. eplingiana, as a result of new collections made 
since 1950; 3) he reestablished Agastache pallida as the 
correct name for the most common representative of the genus 
in western Mexico and 4) A. meamsii as a species distinct 
from A. pallidifora; 5) he partitioned variation in A. 
pallidifora into a hierarchy of two subspecies with two and 
three varieties each, rather than into four equal subspecies; 
6) and he formally recognized geographic races as varieties in 
A. micrantha, A. pallida, A. palmeri, and A. pringlei. 
Vogelmann and Gastony (56) conducted a biosystematic 
study of section Agastache. They employed starch gel 
electrophoresis of isozymes to assess genetic relationships 
among those species and to estimate the amount of genetic 
divergence between North American and Asian taxa. Parameters 
of genetic diversity, such as total heterogeneity, average 
number of alleles per locus, and percentage polymorphic loci. 
13 
as well as descriptions of genetic structxxre and types of 
mating system were reported for all the species of section 
Agastache (56) . Agastache nepetoides and A. rugosa had the 
lowest levels of heterozygosity with average values for 
heterozygosity/locus/individual of 0.008 and 0.000, 
respectively. In contrast, the highest levels of 
heterozygosity were observed in A. cusickii, A. occidentalis, 
and A. parvifolia with values of 0.166, 0.122, and 0.107, 
respectively. Vogelmann and Gastony (56) concluded that 
species of section Agastache from the western United States 
are much more polymorphic with respect to the number of 
alleles per locus than are those from eastern North America or 
eastern Asia. Under greenhouse conditions, the four western 
United States species, A. cusickii, A. occidentalis, A. 
parvifolia, and A. urticifolia, rarely self-pollinate. Of the 
species that more commonly self, A. nepetoides is evidently 
the most efficient selfer (56) . 
Electrophoretic data led to the partition of section 
Agastache into four distinctive groups: A. nepetoides forms 
one group, A. scrophulariifolia and A. foeniculim form a 
second group, the four western species form a third group, and 
A. rugosa alone forms the final group. Agastache rugosa from 
eastern Asia is substantially different from the other three 
groups and seems to be slightly more similar to the eastern 
rather than the western North American populations (56) . 
Two other biosystematic studies on the genus Agastache 
have been reported by Bye et al. (7) and Fuentes-Granados and 
Widrlechner (15) . In Mexico, Bye and his colleagues have been 
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conducting taxonomic research on the species A. mexicana.. 
Ethnobotanical studies in Mexican markets revealed a new taxon 
of this species, A. mexicana subsp. xolocotziana Bye et al., 
which differs from typical A. mexicana morphologically, 
chemically, and pharmacologically (7) . Fuentes-Granados and 
Widrlechner (15) conducted a study to estimate patterns of 
genetic diversity in A. foeniculim, to describe the type of 
mating system of the species, and to determine the 
biosystematic relationships among populations of A. foeniculum 
maintained by the U.S. National Plant Gemnplasm System. 
Fuentes-Granados and Widrlechner (15) reported significant 
genetic diversity within and among 11 populations of A. 
foeniculum. Seven loci out of 19 evaluated were polymorphic. 
The mating system of A. foeniculum was reported as being 
generally typical of a cross-pollinated species (15) . 
Although Agastache has been the subject of considerable 
taxonomic study, a surprising degree of misidentification of 
these species still occurs, especially in European and North 
American horticulture. None of the Agastache species is 
native to Europe, and people cultivating Agastache there have 
frequently mis identified A. rugosa as A. foeniculum or A. 
scrophulariifolia (13). The authors refer readers to the 
papers of Lint and Epling (32) , Vogelmann (54) , and Sanders 
(43) for straightforward and reliable morphological keys to 
help in the identification of Agastache species. 
BIOCHEMICAL STUDIES 
Biochemical studies on Agastache discussed in our review 
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include studies on isozymes and reports on various flavonoids 
and terpenoids isolated from Agastacbe. Studies on the 
essential oils are reported in a following section. 
Vogelmann and Gastony (5G) conducted an electrophoretic 
survey of enzyme variability of Aga.sta.che section Agastache to 
determine whether four western taxa could be distinguished 
electrophoretically and to determine the amount of genetic 
divergence between American and Asian species. As part of 
this project, Vogelmann (53) described extraction procedures, 
electrophoretic separation, and staining protocols for 13 
isozyme systems (Table 2). Senechal (45) also employed 
isozyme mobility profiles to discriminate between sterile 
interspecific hybrids involving A. rugosa and A. foeniculum 
and the two parental species. He successfully used 9 isozyme 
systems to determine the hybridity of individual plants found 
to have characters distinct from either parent. Fuentes-
Granados and Widrlechner (15) reported the use of isozymes to 
determine the diversity among and within populations of A. 
foeniculum maintained in the U.S. National Germplasm System. 
They described extraction procedures, electrophoretic 
mobility, and staining protocols for 11 enzyme systems 
encompassing a total of 19 loci. Also, the inheritance of a 
malate dehydrogenase variant in A. rugosa was reported by 
Fuentes-Granados and Widrlechner (17) . Among all four 
studies, protocols for 16 enzyme systems have been described 
for Agastache section Agastache (Table 2) . 
Flavonoids, an almost ubiquitous class of plant products 
often imparting a yellow hue, are another class of biochemical 
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compounds studied in Agastache. Flavonoids are common 
constituents of many medicinal plants with diverse biological 
effects demonstrated in humans or animals, including anti-
allergenic, anti-anginal, anti-inflammatory, anti-hepatotoxic, 
antimicrobial, anti-ulcer, antiviral, oestrogenic, and 
spasmolytic (37) . Flavonoids are of interest in the 
investigation of disease processes and as potential new drugs 
(37) . Their biological activity may often be related to their 
tendency to inhibit multiple enzyme systems including 
hydrolases, ATPases, cAMP phosphodiesterases, kinases, 
lipases, and transferases (37). 
As components of foods, flavonoids usually occur as O-
glycosides with D-glucose as the most frequent sugar residue 
(25) . Flavonoids usually occur mainly in the leaves and the 
outer part of plants (25). Flavonoids have been reported to 
contribute to the astringency of tea powders, and the 
flavonoids of citrus plants are notable because of their 
potential as synthetic sweeteners (14, 41). The polyphenolic 
character of flavonoids and their ability to sequester metals 
have aroused interest in their possible value as antioxidants 
for fats and oils (14) . Flavonoids are relatively stable 
during heat processing in aqueous canned foods, but to date 
little research has been done on this aspect (14). 
As part of his biosystematic studies of Agastache section 
Agastache, Vogelmann (54) investigated variation in flavonoid 
composition. He reported on the extraction of flavonoids from 
leaves, stems, and inflorescences of the eight species of 
Agastache section Agastache. The major flavonoids he found 
I 
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included luteolin-7-O-glucoside, apigenin-7-O-glucoside, 
acacetin, acacetin-7-O-glucoside, diosmetin-7-O-glucoside, and 
an unidentified aglycone. Reports on isoflavonoids of 
Agastache come also from Asian literature; Zakharova et al. 
(61) reported the isolation of acacetin, tilianine, 
agastachoside, and acacetin 7-0-rutinoside from A. mgosa.. 
And Itokawa et al. (28) reported finding two new 
glucosylflavones isolated from A. rugosa., isoagastachoside and 
agastichin. 
Various mono-, sesqui-, di-, and triterpenes possess more 
than 26 different pharmacological activities, alphabetically 
listed by Sticher (48) from anaesthetic to vitamin, including 
major types of biological activity such as analgesic, 
antibiotic, anticancer, anti-inflamatory, hypotensive, and 
sedative. Terpenes are the active ingredients of many 
medicinal plants and help explain the traditional use of such 
plants to treat a variety of complaints including coughs, 
fever, hypertension, skin diseases, and wounds (37) . 
Extraction procedures and analyses of diterpenes and 
triterpenes from Agastache have been reported by Lee et al. 
(30) and Ganeva et al. (22), respectively. Lee et al. (30) 
reported the isolation of the diterpenoid quinone, 
agastaquinone, and of an oxime derivative of agastaquinone. 
This diterpene and its derivative were then tested for 
cytotoxic activity against five human cancer cell lines. 
They demonstrated (30) general nonspecific cytotoxic effects 
for both compounds against those cell lines. Ganeva et al. 
(22) reported the isolation of the triterpenoid and sterol 
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constituents in a petrol extract of the aerial parts of A. 
foeniculum, including the following triterpenes: alpha-amyrin, 
beta-amyrin, and phytol, as well as the sterols, campesterol, 
campestanol, stigmastanol, stigmasterol, and sitosterol. The 
high concentration of triterpenoids (35.8% of their extract) 
along with their various therapeutical properties led Ganeva 
et al. (22) to propose the use of the petrol extract for 
preparation of cosmetics. 
USES 
Essential Oils 
The essential oils of Agastache are its organic compounds 
of greatest known economic value and research interest. The 
fragrance of its crushed leaves and inflorescences often has 
an attractive anise-like aroma (56, 60) . Several studies have 
reported the composition and content of the essential oils of 
A. foeniculum and A. rugosa (9, 33, 36, 49, 60) . Ecpiilibrium 
headspace, solvent extraction, and hydrodistillation have all 
been employed to extract the essential oils of Aga.sta.che for 
analysis. In general, analyses conducted using equilibrium 
headspace yield the lowest number of compounds reported. 
A total of 54 compounds has been reported as components 
of the essential oils of Agastache (Table 3). Methylchavicol, 
also known as estragole, and limonene have been consistently 
reported to be the main components of Agastache essential 
oils, but considerable variability does exist in the 
composition and content of the volatiles. Wilson et al. (60) 
described some populations of A. foeniculum, in which 
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methylchavicol was the major component of the essential oils 
but was present at a much lower concentration than is typical. 
In those populations, the amount of myrcene present in the 
essential oils was higher than in other populations. Tucker 
(51) reported that A. foeniculim aroma resembles tarragon more 
than anise, a plant high in trans-anethole. Perhaps the 
plants from which Tucker based his statement had a different 
aromatic composition than those used by other authors due to 
genetic and/or environmental factors. Fujita and Fujita (18) 
reported a population of A. rugosa that contained very high 
amounts of methyleugenol in its essential oils (85-92%). 
Compared with typical populations of A. rugosa, which contain 
amounts of methylchavicol up to 95%, their population was 
totally different, and they classified it as a new variety of 
A. rugosa, provisionally naming it A. rugosa var. 
me thyl eugenol i fera. 
Variability in the content and composition of the oils is 
not only found among different populations and species of 
Agastache, but also among different plant parts. Wilson et 
al. (60) reported marked differences in the composition and 
content of the essential oils from inflorescences and from 
leaves of accessions of A. foeniculum. This difference in the 
composition and content of oils from different parts of a 
plant is not lanique to Agastache; several authors have 
reported differences in the amount and composition of the oils 
from flowers and leaves (40, 46). Time of the year and 
environmental factors have also been reported to influence the 
content and composition of the oils of aromatic plants (2, 40) 
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including Agastache (49) . Although there is a wide variety of 
compounds reported in the oils of Agastache, most of the 
reports agree that methylchavicol plays a major role defining 
the typical anise-like aroma. Other compounds, however, are 
important in giving balance and stability to the oils. 
Weyerstahl et al. (57) reported that methylchavicol was the 
predominant contributor to the odor of A. rugosa's oil, but 
that even trace constituents, such as anisaldehyde, chavicol, 
p-methoxy-cinnamaldehyde, and jasmone, were important to the 
odor of the oil. Table 3 summarizes the components of the 
essential oils of Agastache. 
Fl^vQringg, > ssd Pharmaceuticals 
Many reports on Agastache refer to its culinary and 
fragrance uses. But there are few specific references to that 
aspect. Much of its culinary and fragrance value is due to 
the presence of methylchavicol [Benzene, l-methoxy-4-(2-
propenyl)], a colorless liquid possessing an aromatic odor and 
sweet taste reminiscent of anise (33). Methylchavicol, the 
compound generally present in the highest concentration in the 
essential oil of A. foeniculim (9, 33, 60), is a component of 
perfumes and a flavoring for foods and liqueurs (33). 
Menghini et al. (34) also reported methylchavicol as being of 
interest to the pharmaceutical industiry because it can easily 
be converted to anethole, a compound with medicinal uses. 
Hall and Oser (23) listed methylchavicol as a substance 
generally recognized as safe (GRAS) in a report of the status 
of flavoring substances under the Food and Additives Amendment 
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of 1958. In that report, methylchavicol was noted as a food 
ingredient in ten technical reports in concentrations ranging 
from 10 to 150 ppm. FEMA. (12) reported methylchavicol as 
being used in baked goods at 413 ppm, frozen dairy products at 
120 ppm, soft candy at 300 ppm, gelatin and puddings at 166 
ppm, and non-alcoholic beverages at 129 ppm. FEMA. (12) cited 
an annual volume usage of methylchavicol of 3150 Kg with an 
estimated daily per capita intake of 0.07 mg. In Russia, 
Pisamitskii et al. (38) reported the use of methylchavicol in 
a patent for the manufacture of a non-alcoholic carbonated 
beverage. Methylchavicol is described as the flavorant, used 
to improve microbial stability and to stabilize the beverage's 
aroma. Figure 1 illustrates the structures of methylchavicol 
and other alkylbenzene derivatives commonly found in natural 
and synthetic food products. 
There has been some controversy regarding the 
hepatocarcinogenicity in mice of methylchavicol and related 
naturally occurring and synthetic alkenylbenzene derivatives, 
such as safrole, eugenol, anethole, and methyleugenol (35). 
Some studies have concluded that methylchavicol and its 
hydroxy and epoxy derivatives are carcinogenic when fed to 
mice at relatively high concentrations (62). 
In experiments conducted by To et al. (50) to determine 
mutagenicity of trans-anethole, methylchavicol, eugenol, and 
safrole, significant differences were observed in direct 
bacterial and microsomal mutagenicity counts, but event 
frequencies were low and of uncertain biological significance. 
To et al. (50) stated that, based on a criterion established 
by Gabridge and Legator (19), none of the compounds in study 
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could be classified as mutagens. 
Sangster et al. (44) conducted a study to determine the 
metabolic disposition of trans-anethole, methylchavicol, and 
propylcuiisole in human volunteers at doses resembling typical 
human intake levels to compare the results with similar 
studies conducted in mice and rats, species more commonly used 
for safety assessment. They concluded that all three 
cort^oxinds were readily absorbed from the gastrointestinal 
tract as shown by their rapid and extensive elimination in 
urine as various metabolites and as exhaled carbon dioxide 
(44). These compounds were completely metabolized by 
oxidative demethylation and oxidation of their side chains 
prior to elimination. In humans, elimination rates of these 
compounds were far faster than in other test animals. A high 
proportion of the dose equivalent to normal human dietary 
intake was excreted in the urine and exhaled as carbon dioxide 
within 12 hours, six times more rapidly than in mice and rats. 
Detailed examination of methylchavicol metabolism concentrated 
upon the formation of 1'-hydroxy-methylchavicol, a metabolite 
responsible for the hepatocarcinogenicity of methylchavicol in 
mice. In the two human volunteers examined by Sangster et al. 
(44), 1'-hydroxy-methylchavicol accounted for only 0.3 percent 
of the dose. In rodents, increasing methylchavicol dosages 
led to disproportionate increases in the formation of 1' -
hydroxy-methylchavicol. But in man, at normal levels of 
dietary intake, this metabolite accounts for much less of the 
dose than is the case for rodents receiving even the smallest 
dose examined. Thus, these results clearly illustrate the 
problem of extrapolating rodent carcinogenicity data generated 
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from extremely high doses to human consumption (44) . 
Beyond the value of its methychavicol content, Agastache 
has been reported to be useful per se as a culinary herb. 
Tucker (51) reported that A. foeniculum could conceivably be 
used as a substitute for french tarragon. Poncavage (39) 
describes A. foeniculum (anise hyssop) as one of 12 easy-to-
grow plants as sources of tasty and elegant teas, including 
the following recipe: "two parts of anise hyssop to one part 
of lemon balm, with maybe a touch of basil." Galambosi and 
Galambosi-Szebeni (20) reported that in Finland, Agastache 
foeniculum has been gaining practical importance as a herb 
since 1981 when a commercial firm began to use and trade it in 
various tea mixtures. In New Zealand, Agastache has been 
evaluated as a potential new crop as an ornamental, for its 
aromatic foliage, and for its strong attraction to honey bees 
(47) . The leaves and flowers of A. foeniculum have been 
reported to be used in calces, ices, and sweets and can be 
added fresh to salads and desserts for a visual and tasty 
accent (20, 26, 31, 52). 
Agastache rugosa has been reported to be used for 
culinary and flavoring purposes in Asia. Dxing et al. (10) 
reported the use of this plant year round as a flavoring agent 
in Vietnam. And Lee et al. (30) reported that the leaves of 
this plant have been used as spice for fish-based foods in 
Korea. Wilson (59) described that all Agastache can be used 
for brewing teas and tisanes, for making piquant sauces for 
meats, and after drying, to make potpourris. 
Most of the reports on Agastache as a medicinal plant 
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come from Asia where it has been used to treat cholera, 
vomiting, fever, headache, colds, and stomach pain (10, 30) . 
The Institute of Chinese Materia Medica (27) reported the use 
of A. rugosa for the treatment of: fever due to heat strokes, 
distension of chest, poor appetite, nausea, diarrhoea, tinea 
on hands and feet (for external use), and as an emetic. There 
are also reports from Mexico of Agastache being used for 
treatment of stomach pain, poor digestion, flatulence, 
anxiety, insomnia, and heart and vascular problems (8). 
Ornamental 
The genus Agastache includes many highly ornamental 
plants that deserve greater recognition and use in American 
landscapes, not only for their novel range of flower colors 
but also for their extended bloom season in late summer when 
much of the garden's glory may wane (52). The color spectrum 
of Agastache species' flowers includes deep mauves, blue 
violet, magenta, white, orange, pink, and greenish yellow 
found in natural populations and even more vivid red apricots 
and hot pinks found in interspecific hybrids (52) . Herb 
growers and perennial gardeners are discovering the broad 
versatility of this genus in complementing and enhancing their 
gardens (52) . Pxiblic demand for low-maintenance plants 
coupled with the availability of previously unknown Agastache 
cultivars are two important factors which should lead to a 
probable increase in the popularity of these plants (24). 
Their long bloom periods make them a valuable addition to 
borders, while their narrowly erect habit is easily 
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accotnraodated between existing plants (24) . Agastache 
selections foiond in cultivation are generally members of 
section Agastache, but the newest introductions most likely to 
expand this genus' popularity are members of section 
Brittonast-rvm, such as A. mexicana, A. coccxnea, and A. 
pallida (24). 
Agastache foeniculum and A. rugosa, generally with 
violet-blue corollas, are today's most commonly cultivated 
species of section Agastache. Agastache foeniculum is a 
perennial that becomes a rather bushy plant to about 1 meter 
tall. It is attractive to bees and butterflies when it is 
covered with 8 to 10 cm terminal spikes of 0.5 to 1 cm dusky 
blue violet flowers (52). The fresh flowers are long-lasting 
in arrangements, the dried spikes add interest to the winter 
landscape, too, and several species of birds visit them to 
feed on the seeds (52). Agastache rugosa resembles a denser, 
smaller version of A. foeniculum. Its purple-blue flowers 
sometimes have a touch of rose in the center (52), White 
flower variants of A. rugosa have been reported in the 
literature (13, 17, 49). Fuentes-Granados and Widrlechner 
(17) reported on the inheritance of anthocyanin production, 
responsible for flower color, in one population of A. rugosa. 
They concluded that inheritance of anthocyanin production was 
controlled by a single gene whose dominant allele expresses 
production of anthocyanin. Because the inheritance of 
anthocyanin is controlled by a single gene in this population, 
development of a pure line of A. rugosa with white flowers is 
straightforward. This variant is quite attractive and could 
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be used for cut flowers or annual display plantings (17). 
Senechal (45) reported interspecific hybrids of A. rugosa. and 
A. foeaiculum as been extremely colorful and flowering longer 
periods of time than either parent. 
Agrastache mexicana is probably the best known member of 
section Brittonastrum, Van Hevelingen (52) indicated that 
there are many variants, all having light green foliage with 
long flower spikes but with flower color ranging from clear 
pinJc to pink with a purplish cast. Toronjil morado, a variety 
of A. mexicana, has been reported to be a very showy plant for 
the back of the border; it provides much-needed bloom from 
late summer to fall as well as a steady nectar source for 
butterflies and hummingbirds (52). Agastache cana and A. 
barberi are two other species noted as having good ornamental 
characteristics (52). Agastache rupestris has recently been 
included in a recommended list of plants that thrive in 
variable winters and hot summers in Colorado (2 9). It has 
been described as presenting bold brushes of sunset orange 
flowers from August to frost; the whole plant exudes a rich, 
root beer aroma, making an exotic contribution to water-
conserving gardens or perennial borders (29) . Interspecific 
crosses of among species of section Brittonanstnm have also 
been reported as possessing good ornamental characteristics. 
Van Hevelingen (52) described four attractive varieties, 
'Tutti-Fruti', ^Apricot Sunrise', 'Pink Panther', and 
'Firebird', all of which originated from interspecific 
Brittonastnun crosses. 
Lists of commercial nurseries and seed companies stocking 
27 
selections of Agastache can be found in articles by Ayers and 
Widrlechner (5) , Henning (24), Poncavage (39), and Van 
Hevelingen (52). In addition, the North Central Regional 
Plant Introduction Station of the United States National Plant 
Germplasm System, located in Ames, Iowa is responsible for the 
maintencince, evaluation, increase, and distribution of 
Agastache germplasm. It provides seed samples for bona-fide 
research at no cost to the requestor. 
CULTIVATION 
Many aspects of large-scale cultivation of Agastache are 
reported by Ayers and Widrlechner (5) and Galambosi and 
Galambosi-Szebeni (20, 21). Articles by Aflatuni (1), Bye et 
al. (7), Henning (24), Poncavage (39), and Van Hevelingen (52) 
also contain additional information on agronomic and 
horticultural aspects of Agastache. Field establishment of 
Agastache species can be achieved either by seedlings or 
cuttings. Cuttings or division are the only ways to propagate 
and establish sterile interspecific hybrids of Agastache or of 
Agastache species that do not produce seeds when grown in 
specific environments (52) . Ayers and Widrlechner (5) 
advised growers to establish Agastache by starting seedlings 
in flats and then transplanting them to a permanent location. 
Experience has shown that moist chilling treatment of 
Agastache seed improves both total germination and germination 
synchrony (5). The relatively small size of Agastache seed 
limits the success of direct seeding in the field. For direct 
seeding, the seeds, which require available moisture during 
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germination, must be planted very shallowly, no deeper than 
0.16 cm. Irrigation must be gentle or the seeds will be 
covered too deeply with soil to germinate (5) . Weed 
competition can hinder field establishment. Galambosi and 
Galatnbosi-Szebeni (20, 21) reported that the use of black 
plastic mulch and ridged beds reduced by 80 percent the need 
for manual weeding of A. foeziiculum fields. In addition to 
reducing manual weed control, mulching and ridging resulted in 
an increase in fresh yield. Increases in soil temperature, 
decreases in evapotranspiration, and reduction of soil 
compaction may be factors related to the yield advantage (21). 
Ayers and Widrlechner (5) described some other cultural 
practices that could be used for weed control in Agasta.che 
plantings, such as planting into a weed-free field, use of 
cover crops such as buckwheat with alleleopathic effects on 
weeds, some mechanical cultivation, and denser plant 
populations. 
Poor adaptation and disease and pest susceptibility are 
other important factors that should be considered prior to the 
establishment of Agastache plantings. Winter hardiness can 
also limit the cultivation of Agastache species. In general, 
species from section Agastache are better adapted to the 
northern part of North America than are members of section 
Brittonastrum. Even within section Agastache there is 
variability in hardiness. In much of the United States, 
Agastache rugosa does not overwinter nearly as well as A. 
foeniculum does. In Scotland, however, Svoboda et al. (49) 
reported A. rugosa as being better adapted than A. foeniculum. 
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Henning (24) and Van Hevelingen (52) reported specific 
hardiness zones for various Agastache species as well as for 
named cultivars. 
Block et al. (6) first noted populations of A. rugrosa as 
being susceptible to verticillium wilt caused by Verticillium 
dahliae. Fuentes-Granados and Widrlechner (16) found 
interspecific variability for susceptibility to Verticillium 
among species of Agastache. Based on the result of their 
studies and of reports of susceptibility of A. rugosa to V. 
dahliae, Fuentes-Granados and Widrlechner (16) recommended not 
planting A. rugosa in soils infested with V. dahliae. 
Observations of the reactions of A. foeniculum and A. 
nepetoides to Verticillium suggest that these species may be 
better choices for establishing plantings of Agastache for 
honey bees, aromatic-oil production, and other herbal and 
medicinal uses (16). Van Hevelingen (52) noted powdery mildew 
on Agastache when grown in climates with dry, hot summers. 
Parr et al. (11), in their report on fungi on plants and plant 
products in the United States, enumerated other reports of 
fungi detected in association with Agastache. Insect pests 
reported on Agastache include two-spotted beetles which feed 
on the foliage and occasionally congregate on flower spikes 
and a green aphid, which can cause damage under greenhouse 
conditions (52). 
SUMMARY AND OUTLOOK 
There are many good sources of information on Agastache. 
We located more than 40 publications on various aspects of 
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this genus, ranging from morphological ways to distinguish 
among the 22 species to complex biochemical protocols for the 
identification and isolation specific chemical constituents. 
More research is needed to understand the range of usefulness 
of the genus. At this time, most cultivation of Agastache is 
restricted to home gardening or small, commercial operations. 
As the demand for natural products increases and research on 
the value and uses of Agastache becomes more available, there 
may be a market for growing Agastache species on a larger 
scale. 
There are clearly limitations to the large-scale 
cultivation of Agastache species (5) , but as many limitations 
as there are for cultivating Agastache commercially, there are 
opportunities for its improvement. Plant breeding has played 
a major role in improving populations of existing crops for 
characteristics of interest to humans. There is genetic 
variability among and within species and populations of 
Agastache that can be used for the genetic improvement of 
populations of Agastache to increase vegetative and/or oil 
yields, to improve winter hardiness, disease resistance, or to 
develop populations with specific chemotypes. As the world's 
population grows and the need for more food and medicine 
increases, we can wisely use and improve one of mother 
nature's gifts, Agastache, to help meet those needs. 
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Table 1: An enumeration of valid taxa of Agastache by 
Vogelmann (54) and Sanders (43). 
Agastache section Agastache Agastache section 
Bri t tonas tnm 
A. cusickii (Greenm.) 
Heller 
A. aurantiaca (A.Gray) Lint 
Sc. Epling 
A. foeniculum (Pursh) 
Kuntze 
A. breviflora (A. Gray) 
Epling 
A. nepetoides (L.) Kuntze A. cana (W.J. Hooker) 
Wooton & Stand. 
A. occidentalis (Piper) 
Heller 
A. coccinea (Greene) Lint & 
Epling 
A. pazrvifolia Eastw. A. eplingiana R. W. Sanders 
A. mgosa (Fisher & Meyer) 
Kuntze 
A. meamsii Wooton & Stand. 
A. scrophulariifolia 
(Willd.) Kuntze 
A. mexicana (Humb., Bonpl., 
& Kunth) Lint & Epling 
A. urticifolia (Bethman) 
Kuntze 
A. micrantha (A.Gray) 
Wooton & Standi. 
A. palmeri (B.L. Robinson) 
Lint & Epling 
A. pallida (Lindl.) Cory 
A. pallidifora (Heller) 
Rydberg 
A. pringlei (Briq.) Lint & 
Epling 
A. rupestris (Greene) 
Standley 
A. wrightii (Greenm.) 
Wooton Sc Standley 
Table 2: Enzyme systems reported for Agastache section 
Agastache. 
Enzyme system Reference 
* 
Aconitase (EC 4.2.1.3) 45, 53 
Alcohol dehydrogenase (EC 1.1.1.1) 15 
Aspartate aminotransferase (EC 2.6.1.1) 15, 45, 
53 
Catalase (EC 1.11.1.6) 15 
Glutamate dehydrogenase (EC 1.4.1.2) 15, 53 
Glyceraldehyde - 3 -phosphate dehydrogenase 
(NAD) (EC 1.2.1.12) 
53 
Glyceraldehyde - 3 -phosphate dehydrogenase 
(NADP) (EC 1.2.1.13) 
53 
Isocitrate dehydrogenase (NADP) (EC 
1.1.1.41) 
15, 45, 
53 
Leucine aminopeptidase (EC 3.4.11) 53 
Malate dehydrogenase (EC 1.1.1.37) 15, 17, 
45, 53 
Menadione reductase (EC 1.6.99.2) 15, 45 
Phosphoglucoisomerase (EC 5.3.1.9) 15, 53 
Phosphoglucomutase (EC 2.7.5.1) 15, 45, 
53 
6-Phosphogluconate dehydrogenase (EC 
1.1.1.44) 
15, 53 
Shikimate dehydrogenase (EC 1.11.1.25) 15, 45, 
53 
Triose-phosphate-isomerase (EC 5.3.11) 15, 45 
* Reference number from the list of literature cited. 
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Table 3. Components of the essential oils of Agastache, in 
alphabetical order. 
Compoxind Kovats 
* 
Indices 
Species Reference** 
acetate, oct-1-
en-3-yl 
A. foeniculum, 
A. rugosa 
10, 36 
anethole, trans 1270 A. foenicul urn 33, 36 
anisaldehyde 1234 A. foeniculum, 
A. rugosa 
33, 57 
benzaldehyde 974 A. foeniculum 33 
bomyl acetate A. foeniculum, 
A. rugosa 
9, 60 
bourbonene, beta 1406 A. foeniculum, 
A. nepetoides, 
A. rugosa 
9, 10 
butanol 655 A. foeniculum 36 
cadinene 1518 A. foeniculum, 
A. rugosa 
18, 36, 60 
cadinol, a A. foeniculum, 
A. rugosa 
9, 10, 33 
cadinol, 5 A. foeniculum, 
A. nepetoides, 
A. rugosa 
10 
camphene, a 954 A. foeniculum, 
A. nepetoides 
9, 33, 60 
camphor 1136 A. rugosa 10 
carvacrol 1297 A. foeniculum 36 
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Table 3. (Continued) 
carvone 1228 A. rugosa 10 
caryophyl1ene 1428 A. foeniculum, 
A. nepetoides, 
A. rugosa 
9, 18, 33, 
36, 60 
chavicol 1238 A. rugosa 57 
cinnamaldehyde 
methoxy 
1504 A. rugosa 10, 57 
cinnamic alcohol, 
methoxy 
1300 A. rugosa 57 
citral 1222 A. foeniculum, 
A. irugosa 
60 
cineole A. rugosa 10 
cymene 1020 A. rugosa 18 
damascenone A. foeniculum, 
A. nepetoides, 
A. rugosa 
9 
dehydroterpineol A. foenicul urn, 
A. rugosa 
9 
dimonene A. rugosa 18 
eugenol 1351 A. foeniculum 36 
geraniol 1243 A. foeniculum 36 
germacene a and b A. foeniculum 36 
heptane, 
ethyldimethyl 
A. foeniculum 33 
hexanal, dimethyl A. foeniculum 33 
hexenol, cis-6,Y A. rugosa 18 
humulene, a 1465 A. foeniculum, 
A. rugosa 
10, 18, 36 
Table 3: (Continued) 
isomenthone 
A. foeniculum, 
A. rugosa, A. 
scrophulariifolia 
9, 10, 49 
j asmone A. rugosa 57 
limonene 1030 A. foeniculum, 
A. mexicana, 
A. rugosa, A. 
scrophalariifolia 
9, 10, 18, 
33, 36, 
49, 57, 60 
linalool 1092 A. foeniculum^ 
A. rugosa 
9, 10, 18, 
33, 36, 60 
menthol 1171 A. rugosa 10 
menthone 1143 A. foeniculum, 
A. mexicana, 
A. rugosa, A. 
scrophulariifolia 
33, 49 
methylchavicol 1183 A. foeniculum, 
A. rugosa 
9, 10, 18, 
33, 36, 
49, 57, 60 
methyleugenol A. rugosa 9, 18, 36 
myrcene, 6 986 A. foeniculum 9, 33, 36, 
60 
ocimene 1025 A. foeniculum, 
A. rugosa 
9, 33 
octanol, 3- 1041 A. rugosa 10, 18 
octanone, 3- 991 A. rugosa 10, 18, 36 
octen,7-4-0I A. foeniculum, 
A. rugosa 
18 
octen, 1-3-ol 968 A. rugosa 10 
pinene, a 942 A. foeniculum, 
A. nepetoides, 
A. rugosa 
9, 10, 18, 
33, 36, 
49, 57, 60 
pinocamphone A. foeniculum 36 
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Table 3: (Continued) 
piperitone 1247 A. rugosa. 10 
pulegone 1230 A. mexicana, 
A. rugosa, A. 
scrophul ari i fol i a 
9, 49 
sabinene 916 A. foeniculim 36 
safrole 1278 A. rugosa 18 
sesquiterpene 
hydrocarbons 
A. foeniculum 33 
spathulenol A. foeniculumf 
A. nepetoides 
9, 33 
thymol 1287 A. foeniculum 36 
•Kovats Indices calculated on a methyl-silicone column, OV 
101. 
** Reference number from the list of literature cited. 
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r \  CH3 (/ CHJ-CH=CH2 
Methylchavicol 
CH3O 
CHj ^ ^ CH=CH-CH3 
Anethole 
CH2-CH=CH2 
Eugenol 
Methyleugenol Anisole 
Safrole Propylanisole 
Figure 1: Stjructure of methylchavicol and six other related 
compounds. 
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CHAPTER 3. INHERITANCE OF AROMATIC COMPOUNDS IN AGASTACHE 
FOENICULOM (PURSH) BCUNTZE 
A paper prepared for submission to the Journal of Food Science 
Roger G. Fuentes-Grsinados, Mark P. Widrlechner, 
and Lester A. Wilson 
ABSTRACT. Aromatic coirpounds are key factors in determining 
the quality and acceptance of herbs, spices, and essential 
oils. The United States is the largest importer of these 
products in the world, importing about two-thirds of its 
national spice requirements. Aromatic corapovinds are 
predominantly products of the secondary metabolism of plants 
and are generally genetically controlled. Agastache is a 
genus of perennial plants in the mint family primarily native 
to North America. It produces aromatic oils that are used in 
foods, drugs, and perfumes. We conducted this study to 
determine the genetic control of the production of myrcene, 
limonene, and methylchavicol in A. foeniculimi. Controlled 
crosses were made between individuals with different 
chemotypes and their Fj progenies were analyzed for 
composition of their volatiles by using headspace gas 
chromatography. Data support the hypotheses that each of the 
three compounds is controlled by single genes with dominant 
alleles. 
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INTRODUCTION 
Aromatic compounds are key factors in determining the 
quality and acceptance of herbs, spices, and essential oils. 
The United States is the largest importer of these products in 
the world, importing about two-thirds of its national spice 
requirements (FAS/USDA, 1996), The trend toward less salt in 
the American diet and the expanding demand for ethnic foods 
have both contributed to a rising trend in imports over the 
past decade. Imports of condiments, seasonings, and 
flavorings (including spice oleoresins) to the United States 
in 1995 totaled $445.3 million, an increase of 4 percent from 
the 1994 level (FAS/USDA, 1996), while national imports of 
essential oils in 1995 totaled $241.5 million, up 17 percent 
from the previous year's level (FAS/USDA, 1996). 
Aromatic compounds are predominantly products of the 
secondary metabolism of plants and are usually isolated from 
the oils obtained from leaves, fruits, flowers, and heartwoods 
(Banthrope et al., 1972). Biosynthesis of aromatic compounds 
is generally genetically controlled and results mainly from 
two metabolic pathways, the mevalonic acid pathway for 
terpenes and the shikimic acid pathway for phenylpropanoids 
(Croteau, 1991; Endo and Suga, 1992; Murray et al., 1972; 
Nishizawa et al., 1989). 
Despite the rising trend in demand for plant-derived 
aromatic products, little of this demand is now met by 
domestic agricultural production in the United States. 
Agastache foeniculum (Pursh) Kuntze is one of seven species of 
Agastache (Clayton ex Gronov.) section Agastache (Lamiaceae 
family) native to North America (Lint and Epling, 1945; 
Vogelmann, 1983; GPFA, 1986). It grov/s along prairie sloughs 
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in the Great Plains of the north central states and the 
prairie provinces of Canada (Vogelmann, 1983; GPFA, 1986). 
The fragrance of its crushed leaves usually has an anise-like 
aroma (Vogelmann, 1983; Wilson et al., 1992). 
Aga.sta.che has been reported to be useful per se as a 
culinary herb (Dung et al., 1996; Galambosi and Galambosi-
Szebeni, 1992; Hopkinson et al., 1994; Lee et al., 1995; Lima, 
1986; Van Hevelingen, 1994) . Tucker (1994) reported that A. 
foeniculum could conceivably be used as a substitute for 
french tarragon. Poncavage (1995) described A. foeniculum 
(anise hyssop) as one of 12 easy-to-grow plants useful as 
sources of flavorful herbal teas. Galambosi and Galambosi-
Szebeni (1992) reported that in Finland, A. foeniculum has 
been gaining practical inportance as a herb since 1981 when a 
commercial firm began to use and trade it in various tea 
mixtures. The leaves and flowers of A. foeniculum have been 
reported to be used in cakes, ices, and sweets and can be 
added fresh to salads and desserts for a visual and tasty 
accent (Van Hevelingen, 1994; Hopkinson et al., 1994; Lima, 
1986; Galambosi and Galambosi-Szebeni, 1992) . 
Several studies have reported the composition and content 
of the essential oils of A. foeniculum (Charles et al., 1991; 
Mazza and Kiehn, 1992; Nyk&aen et al., 1989; Svoboda et al., 
1995; Wilson et al., 1992). In those studies, methylchavicol 
and limonene have been reported to be the main components of 
its essential oil. Agastache foeniculum could be a good model 
system for the study of aromatic compounds. It is a diploid 
species with a relatively short generation cycle, 3-4 months. 
In addition, A. foeniculum has known isozyme markers and 
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chemotype variability. This study was conducted to quantify 
the major essential oils of various populations of Agastache 
foeniculim and to elucidate patterns of genetic control and 
relationships among myrcene, limonene, and methylchavicol. 
MATERIALS AND METHODS 
Plant matgrialff 
Five populations of A. foeniculum (Table 1) were 
obtained from the North Central Regional Plant Introduction 
Station, Ames, Iowa. These populations were selected for the 
aromatic composition of their leaves and for isozyme 
variability by using staining systems known to detect 
polymorphic loci (Fuentes-Granados and Widrlechner, 1995). 
Parental plants differing in aromatic composition were 
selected for controlled hybridization. The offspring from 
these crosses were analyzed and their hybridity verified by 
scoring the enzyme systems for which the parents differed. 
Table 2 summarizes the aromatic composition of parents and Fi 
hybrids and Table 3 lists the parental origin of Fj families. 
F2 families were then evaluated for their aromatic profiles. 
Plants were grown from seeds that received a moist 
chilling treatment, 4° C for a week, to improve germination. 
Seeds were germinated in a growth chamber with temperature 
alternating between 20° C and 30° C with a 16-hour photoperiod. 
Two-week old seedlings were transplanted from the germination 
chamber into the greenhouse. Two-month old plants were 
hardened for a week before they were planted in the field in 
1995. Leaf and flower samples were taken in the month of 
July, 1996 from two-year old plants. 
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piTgparacign 
Both yoxing leaf and floral samples, between 8 to 10 g 
fresh weight, were removed from the plants and placed into 100 
ml glass jars with special headspace sampling caps containing 
Teflon-coated septa and aluminum seals (Ong, 1988). The 
samples were equilibrated for 1 to 4 hours at 20° C before 
chromatographic analyses were conducted. 
The length of the equilibration period was determined 
after conducting a series injection of samples taken at 30 min 
intervals from 30 min to 5 hours. The headspace of the 
samples did not reach equilibrium until about one hour after 
they were taken. No change was observed in the aromatic 
composition and content of the samples even after five hours. 
We determined that we would run samples after equilibrating 
from one to four hours, to reduce the possibility of artifacts 
from enzymatic or microbiological activity. 
Equilibrium headspace gas chromatography was used to 
analyze and identify the volatiles released by the leaves and 
inflorescences of individual plants. The chromatographic 
analyses were conducted on a Varian 3700 gas chromatograph 
equipped with a FID detector and a Hewlett-Packard 3390A 
integrator. A DB-5 fused-silica capillary column (0.25 mm 
i.d. X 30 m) was used throughout the study. Flow rates of 
oxygen, hydrogen, and nitrogen (carrier gas) were 3 00 ml/min, 
30 ml/min, and 30 ml/min, respectively. The flow of the 
carrier gas was partitioned in a ratio of 1 ml/min through the 
column to 29 ml/min as make up gas. Oven temperatures were 
programmed from 40° C to 220° C with an increase rate of 10° 
C/min. A 2-min hold was set at 40° C. The sample size was 2 
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ml. Following the protocol of Wilson at al. (1992), the 
samples were cryofocussed before the start of the temperature 
program. Headspace samples of standard compoiands were used to 
verify the identity of the compounds. 
gtatigtigal analysig 
Integration areas of the major peaks were standardized on 
a fresh weight basis. Then, standardized data, converted to 
percentages, were analyzed for segregation tests of Fixed-
Ratio Hypotheses by using the Chi-Square test. The criteria 
for assigning values to low or high phenotypic classes were 
developed after considering both the parental and Fi 
phenotypes and examining scatter plots of proportions in the 
F2 families represented by each major component under 
investigation. Analyses of Variance and correlation analyses 
of the standardized data were conducted using the Proc Anova 
and Proc Reg procedures of SAS (SAS Institute, Inc., 1991) . 
RESULTS AND DISCUSSION 
Figures 1, 2, and 3 present scatter plots for percentage 
of myrcene, limonene, and methylchavicol, respectively, 
including all individuals evaluated for aromatic composition. 
For myrcene, we determined that the low phenotypic class was 
between 0 to 22% percent. For limonene, we determined that 
the low class ranged from 0 to 19%, and for methylchavicol, we 
assigned 0 to 29% to be the low class. Figure 4 illustrates 
some chromatograms of individual plants of A. foeniculum with 
different aromatic profiles. A description of the results for 
each compoimd under study follows. 
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Myrcgng 
Myrcene is an acyclic monoterpene (Figure 5) present in 
the essential oils of many plant species, such as bay, black 
pepper, cardamom, cumin, mace, nutmeg, peppermint, pine, and 
sage (Charalambous, 1994) . In Pizius, it has been reported to 
be controlled by a single gene with dominance for its high 
content (Squillace et al., 1980) . We evaluated three 
segregating F2 families (families 5 through 8) from the 
initial cross PI-561059 x PI-561058, selected for low-by-high 
foliar myrcene content. Chi-square values for those families 
(1.123, 0.191, and 2.661) all support the hypothesis that 
production of myrcene is controlled by a single locus with 
dominance for high content, p-values > 0.1 (Table 4) . It was 
not possible to determine the number of alleles that might 
effect high myrcene production. Myrcene content in all 
individuals from families 1 through 5, originating from low-
by-low crosses, were low. 
Least significant differences derived from an analysis of 
variance for myrcene content among the eight experimental 
families revealed significant differences in the amount of 
myrcene content (Table 5) . Family 8 had significantly higher 
myrcene content than did all other families. Families 6 and 
7, the other two families derived from the low-by-high myrcene 
content had higher means that the rest of the families and 
were significantly higher than certain other families. When 
families 6, 7, and 8 were combined and compared to families 
originating from other crosses, the myrcene content of the 
combined group was significantly higher than the other two 
groups (Table 6). The observed differences in mean myrcene 
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content among those families are encouraging for breeding 
purposes because they show the feasibility of developing 
populations with high myrcene content. Those families, 
however, still need to be tested in different environments to 
determine the effects of various environmental parameters and 
of genotype-by-environment interactions and thereby to 
determine the genetic effect on the variance. 
Limpn^ng 
Limonene is the first cyclic monoterepene (Figure 5) 
synthesized from geranyl pyrophosphate (Endo and Suga, 1992). 
It has a lemon-like aroma and has been reported to be a 
component of the essential oils of many plant species, such as 
bay, black pepper, celery seeds, pine, mints, and sage 
(Charalambous, 1994) . In Mentha and Pinus, it has been 
reported to be controlled by single genes with dominant allele 
for its production (Lincoln et al., 1971; Squillace et al., 
1980) . We evaluated three segregating families from each of 
the following crosses, PI-561061 x PI-561059 and PI-561059 x 
PI-561058. Five of the six chi-square tests supported the 
hypothesis that limonene is controlled by a single gene with 
dominance for high expression (Table 4). Our experimental 
approach did not allow us to determine the number of alleles 
that might effect high limonene production. We obtained one 
family with 13 individuals with low limonene content and an 
equal number of individuals with high limonene content. The 
chi-square value for that family leads to the rejection of the 
hypothesis that limonene is controlled by a single gene with 
dominant allele. It may be possible that one parent of family 
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2 was low (homozygous recessive) and the other parent high in 
limonene, but heterozygous, but our finding more likely 
results from the potential misclassification of high limonene 
phenotypes as low, because of the exceptionally high 
production of methylchavicol in this family. 
Least significant differences derived from an analysis of 
variance among the eight families to compare their mean 
limonene contents revealed significant differences among 
populations (Table 5). Family 1, originating from cross PI-
561061 X PI-561059, had significantly higher limonene content 
than did the rest of families. When evaluated as a group, the 
group of families originating from PI-561061 x PI-561059 had a 
significantly higher content than the other two groups (Table 
6). This is encouraging for breeding purposes; however, the 
families should be tested in other environments to determine 
more precisely the contribution of the genotype to the 
observed differences. 
Methylchavicol (Figure 5) is a phenyl-propanoid 
derivative of phenylalanine via the shikimic acid pathway. It 
has an anise-like aroma and is fo\ind as component of the 
essential oils of a variety of plant species, such as basil, 
chervil, licorice, marjoram, and tarragon (Charalambous, 
1994). We evaluated 5 segregating families of A. foeniculum. 
Chi-square tests in 4 of those 5 families supported the 
hypothesis that methylchavicol is controlled by a single gene 
with dominance for its production (Table 4), The number of 
alleles that might effect high methylchavicol production could 
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not be determined in this study. The concentration of 
tnethylchavicol in individuals from families 6, 7, and 8 
(originating from a low-by-low cross) were all low except for 
one individual in family 6 in which the methylchavicol content 
was 32%, slightly higher than our 29% upper limit for the low 
class. 
Least significant differences derived from an analysis of 
variance among the eight experimental families for 
methylchavicol content revealed significant differences among 
them. Family 2 originating from PI-561061 x PI-561059 had 
much higher methylchavicol content than did the rest of 
families. The two other families originating from the same 
cross had higher mean content of methylchavicol than the rest 
of populations. When evaluated as a group, the group 
originating from the cross PI-561061 x PI-561059 had 
significantly higher methylchavicol content than the other two 
groups (Table 6) . The observed differences are even more 
encouraging for breeding purposes because the cross PI-561061 
X PI-S61059 also originated families with significantly higher 
content of limonene than did the other crosses. It remains to 
be tested, however, whether the observed differences persist 
in other environments. 
R^latignshigg among compounds 
We conducted correlation analyses between the three 
paired combinations of compounds to determine if there was a 
correlation between any of the compounds (Table 7). Analysis 
of all possible pairs of compoxinds for headspace samples from 
both leaves and flowers revealed significant positive 
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correlations between myrcene and limonene, p-values 0.013 9 and 
0.0001 for their relationships in leaves and flowers, 
respectively. In addition, one negative correlation was 
identified between myrcene and methylchavicol in flowers. 
These significant correlations suggest possible linkages 
between the genes or the biosynthetic pathways responsible for 
the synthesis of those compounds. The amount of variation 
explained by even the strongest of those correlations as 
described by the R-square values (Table 7) , however, is too 
small to consider any of those correlations important for 
breeding. A relationship between myrcene and limonene can be 
explained from their biosynthetic pathways, because both 
compounds are monoterpenes, sharing an immediate precursor, 
geranyl pyrophosphate (Banthrope et al., 1972; Croteau, 1991). 
We conducted analyses of variance to compare the mean 
amounts of myrcene, limonene, methylchavicol, and the total 
volatiles given off by leaf and by flower tissue. For all of 
the variables, myrcene, limonene, methylchavicol, and total 
volatiles, the amount of compounds produced in flowers was 
higher than in leaves (Table 8). Differences in the content 
and composition of the volatiles from leaves and flowers have 
previously been reported in Agastache species (Charles et al., 
1991; Wilson et al., 1992). Standardized data for myrcene, 
limonene, and methylchavicol from leaf volatiles for families 
1 through 8 are summarized in Appendix B. 
Results of our study support the hypotheses that in 
Agastache foenlculum, production of myrcene, limonene, and 
methylchavicol are controlled by single genes with dominant 
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alleles for their production. Significant correlations were 
observed in the production of those compounds but the amount 
of variability explained by these relationships was low. The 
amount of aromatic compounds produced by leaves was 
significantly lower than the amount of aromatics produced by 
flowers. Significant differences were detected in the total 
amount of volatiles produced by plants of specific families 
but those families should be tested over other environments to 
determine relationships between genetic control and 
environmental variables. 
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Table 1: Origin of parental populations of A. foeniculum 
in thg jgt^dy, 
Species Ag<?egsi<?n # Origin 
A. foeniculum PI-561057 Wild: Barnes Co., ND 
A. foeniculum PI-561058 Wild: Cass Co., MN 
A. foenicul urn PI-561059 Wild: Hennepin Co., MN 
A. foeniculum PI-5S1061 Wild: Las Animas Co.,CO 
A. foeniculum PI-5S1053 Wild: Manitoba 
6 1  
Table 2: Aromatic profiles for leaves of parents and 
individual offspring (in percentage of total peak area) 
Individual 
PI-561059 
Pl-561061 
Fi hybrids 
2 
3 
4 
8 
Mvrcene 
9 
3 
0 
0 
0 
0 
57 
19 
28 
28 
19 
35 
Wethylnhavicol 
0 
75 
39 
45 
60 
44 
PI-561057 0 
PI-561063 22 
Fi hybrids 
24 14 
25 16 
26 13 
0 
16 
36 
47 
45 
0 
48 
9 
7 
6 
PI-561058 59 
PI-561059 9 
Fi hybrids 
60 32 
62 29 
72 28 
84 58 
15 
57 
35 
34 
37 
21 
25 
0 
0 
0 
0 
0 
62 
Table 3: Parental origin of the F. families evaluated. 
£2 Family Original Cross Ei_£aJZSIltS Plant # 
1 PI-561061 X PI-561059 Pi (3) x (2) 12-49 
2 PI-561061 X PI-561059 Pj. (4) x F^ (3) 50-77 
3 PI-561061 X PI-561059 F^ (8) x F^ (4) 78-91 
4 PI-561063 X PI-561057 Fj. (25) selfed 93-114 
5 PI-561063 X PI-561057 Fi (26)x F^ (24) 115-154 
6 PI-561059 X PI-561058 F^ (60)x Fi (84) 191-212 
7 PI-561059 X PI-561058 F^ (62)x F^ (60) 213-264 
8 PI-561059 X PI-561058 F^ (72) x (62) 301-317 
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Table 4: Observed F2 segregation, ratios and statistics for 
the segregating families for inyrcene, limonene, and 
CpmppTOd Family F2?gg9gatiQn 
for 1:3 
P-value 
Myrcene 6 
7 
8 
3 (low): 4 (high) 
8 Oow) : 20 (high) 
0 (low): 8 (high) 
1.123 
0.191 
2.667 
0.25 - 0.50 
0.50 - 0.75 
0.1-0.25 
Limonene 1 
2 
3 
6 
7 
8 
4 (low): 27 (high) 
13 (low): 13 (high) 
3 (low) 
1 (low) 
8 (low) 
3 (low) 
10 (high) 
6 (high) 
20 (high) 
5 (high) 
2-42 
8.667 
0.025 
0.428 
0.191 
0.7 
0.1-0.25 
0.001-0.005 
0.75 - 0.90 
0.50 - 0.75 
0.50 - 0.75 
0.25-0.50 
Methylchavicol 1 
2 
3 
4 
5 
11 (low): 20 (high) 
1 (low): 25 (high) 
2 (low): 11 (high) 
5 (low): 16 (high) 
11 (low): 17 (high) 
1.817 
6.205 
0.941 
0.016 
3.048 
0.1-0.25 
0.01 - 0.025 
0.25 - 0.50 
0.75 - 0.90 
0.05-0.1 
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Table 5: Comparison of mean values of myrcene, limonene, 
methylchavicol, and total leaf volatiles among the eight 
families of A. foeniculum (integration units per gram of 
g^mpX^) 
Familv Myrp?ne Limonene Methvlchavicol Tptal 
1 7287 b* 39206 a 36406 b 100489 a 
2 2070 cd 13578 b 66625 a 74914 ab 
3 4228 bd 17684 b 19714 be 49013 be 
4 1938 cd 1375 b 6529 c 14664 c 
5 1432 d 3590 b 5228 c 19737 e 
6 8400 be 9192 b 1652 be 28414 c 
7 8814 b 8407 b 1847 c 29742 e 
8 25828 a 8550 b 1472 be 45655 be 
* Families with the same letter are not statistically 
different at a = 0.05 
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Table 6: Comparison of the mean contents of myrcene, limonene, 
methylchavicol, and total leaf volatiles among the three 
groups* (A. B. and C) of A. foeniculum. 
Qequd Mvreene I^irnQflgng Methvlchavicol TPtSl 
A 4781b** 25690 a 44528 a 81430 a 
B 1649 c 2641b 5786 b 17563 b 
C 8102 a 5725 b 3768 b 26264 b 
* Group A : all individuals originating form cross PI-561061 x 
PI-561059; Group B : all individuals originating from cross 
PI-561063 X Pr-561057; Group C : all individuals originating 
from cross PI-5^1059 x PI-561058. 
** Families with same letter are not statistically different 
at a = 0.05 
6 6  
Table 7: CorrelaCion analysis among the content of myrcene, 
limonene, and methylchavicol in leaves and in flowers of A. 
foeniculum. 
Leaves F-value P-value R-square 
Myrcene - Limonene 6.21 0.0139 0.045 
Myrcene - Methylchavicol 0.92 0.34 0.007 
Limonene - Methylchavicol 1.07 0.3031 0.008 
Flowers F-val^e P-value R-square 
Myrcene - Limonene 19.81 0.0001 0.131 
Myrcene - Methylchavicol 6.2 0.0141 0.045 
Limonene - Methylchavicol 0.871 0.3522 0.007 
Table 8; Comparison of the mean contents of myrcene, limonene, 
methylchavicol, and total volatiles in leaves versus flowers 
in Ar 
Compound Leaves Flowers F-value P-value 
Myrcene 4914 82907 28.78 0.0001 
Limonene 12025 97906 26.40 0.0001 
Methylchavicol 18403 142582 82.24 0.0001 
Total Volatiles 41215 372002 118.37 0.0001 
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22% 
•o 
;g 
1 V7sn:*-i!/-. 
80% 
Percent myrcene content 
Figure 1: Scatter plot distribution for the percentage of 
myrcene for all individuals evaluated for aromatic 
composition. Individuals at or below 22% were assigned to the 
low class. Table 3 lists the individual plant numbers for 
each of the 8 families. 
6 8  
19% 
R-il-2-
SrJfWt 
% 40% 60% 
Percent limonene content 
80% 
Figure 2: Scatter plot distribution for the percentage of 
limonene for all individuals evaluated for aromatic 
composition. Individuals at or below 19% were assigned to the 
low class. Table 3 lists the individual plant numbers for 
each of the 8 families. 
I  
6 9  
29% 
100% 
Percent methylchavicol content 
Figure 3: Scatter plot distribution for the percentage of 
methylchavicol for all individuals evaluated for aromatic 
composition. Individuals at or below 29% were assigned to the 
low class. Table 3 lists the individual plant numbers for 
each of the 8 families. 
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Myrcene 
Limonene 
'^ 3^ ' 
CH3 J CH2-CH=CH2 
Methylchavicol 
Figure 5: Structures of myrcene, limonene, and methylchavicol. 
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CHAPTER 4. INHERITANCE STUDIES OF FIVE LOCI CONTROLLING 
ISOZYMES IN AGASTACHE FOENICULDM (PURSH) KUNTZE 
A paper prepared for submission to the Journal of the American 
Society for Horticultural Science 
Roger G. Fuentes-Granados, Mark P. Widrlechner, 
and Lester A. Wilson 
ABSTRACT. Inheritance of 5 isozyme loci for A. foeniculum was 
studied by analyzing the progeny of controlled crosses via 
starch gel electrophoresis. The loci studied were Cat, Got-2, 
Pgm-2, Tpi-1, and Tpi-2. Segregation analyses of families 
segregating for each of these loci support the following 
hypotheses: Cat is controlled by a single gene with codominant 
alleles; Got-2 is controlled by a single gene with codominant 
alleles coding for dimeric protein products; Pgm-2 is 
controlled by a single gene with codominant alleles coding for 
monomeric proteins; and Tpi-1 and Tpi-2 are each controlled by 
a single gene with codominant alleles coding dimeric protein 
products. Distorted segregation ratios were observed in some 
families segregating for Got-2 and Pgm-2. No linkages were 
detected among any of the cosegregating loci. 
INTRODUCTION 
For over three decades, enzyme electrophoresis has 
provided valuable data to study patterns of genetic and bio-
t 
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systematic variation in plants (Kephart, 1990). Numerous 
reports document the successful application of enzyme 
electrophoresis to help gain a better understanding of the 
breeding behavior of plant populations (Brown, 1979; Hamrick 
and Godt, 1991) and of the heterotic response of crops based 
on parental isozymic differences for morphologically- or 
pedigree-related hybrid combinations (Sekhon and Gupta, 1995). 
Polymorphic enzymes (isozymes) have also been used as genetic 
markers in genetic linkage and mapping studies (Axxxs et al., 
1994; Goodman et al., 1980; Wagner et al., 1992) as well as 
for determining the ploidy level of plant populations 
(Gottlieb, 1982; Rieseberg and Soltis, 1989). Other 
applications of isozyme markers include acceleration of gene 
introgression, evaluation of wild populations, and gene 
tagging (Cousineau and Donnelly, 1992) . More generally, 
isozymes have also been reported as appropriate genetic 
markers for many aspects of plant germplasm management 
(Bretting and Widrlechner, 1995). 
Isozymes have been used to elucidate patterns of genetic 
diversity within and among species of Agastache (Vogelmann, 
1984; Fuentes-Granados and Widrlechner, 1995) . A locus 
controlling malate dehydrogenase banding patterns in A. rugosa 
(Fish. & Meyer) Kuntze has recently been described (Fuentes-
Granados and Widrlechner, 1997). The present study was 
conducted to determine the mode of inheritance of five 
isozymes reported to be polymorphic in A. foenicuimn, to 
verify their quaternary structures, and to test if any of 
those loci are linked. 
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MATERIALS AND METHODS 
materials 
Five populations of A. foeniculum (Table 1) were 
obtained from the North Central Regional Plant Introduction 
Station, Ames, Iowa. These populations were screened for 
isozyme varicdaility by using four staining systems known to 
detect polymorphic loci (Fuentes-Granados and Widrlechner, 
1995). Parental plants differing in banding patterns at one 
or more putative loci, were selected for controlled 
hybridizations. Progeny from these crosses were analyzed and 
their hybridity verified by scoring the enzyme systems for 
which the parents differed. Observed banding patterns were 
compared to the expected patterns of Fi hybrids according to 
their putative quaternary structure. Table 2 summarizes the 
enzyme banding patterns of parents and Fi hybrids and Table 3 
lists the parental origin of the Fj families. plants were 
either sib-crossed or were self-pollinated. F2 families were 
evaluated for isozyme banding-pattein segregation. 
Plants were grown from seeds that received a moist, 
chilling treatment (4 °C for a week) to improve germination. 
Seeds were germinated in a growth chamber with temperatures 
alternating between 20 °C and 30 °C with a 16-hour photoperiod. 
Two-week old seedlings were transplanted from the germination 
chamber into the greenhouse. 
Sample preparation 
At least 1 cm^ of leaf tissue was harvested from the 
youngest leaves of each seedling and was brought to the 
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laboratory in a crisper with crushed ice. Twenty oiilligrams 
of leaf material were ground with 100 m1 of modifications of 
the extraction buffer reported by Hashemi et al. (1991). For 
all staining systems except for catalase, the extraction 
buffer consisted of O.IM Tris-HCl (pH= 8.0) , 0.02M 
Dethiothreitol, 0.2 % (vol/vol) 2-mercaptoethanol, and 20% 
(weight/vol) polyvinylpyrrolidone (PVP, Sigma PVP-40T) , The 
extraction buffer for catalase was the same except that the pH 
of the buffer was 7.0. The samples were ground for 1 minute 
in an electric grinder (Cole Pairmer Model 4555-3 0) . After 
grinding, the samples were microcentrifuged for 90 sec then 
stored in a freezer at -62 °C for 24 hours. 
Enzym? electrophoresis 
Two gel-buffer systems were used for the electrophoresis 
of enzyme systems included in this study. System C or lithium 
borate (Stuber et al., 1988) was used to resolve the enzyme 
systems for catalase (CAT, EC 1.11.1.6), glutamate-
oxaloacetate transaminase (GOT, EC 2.6.1.1), and triose 
phosphate isomerase (TPI, EC 5.3.11). The electrode buffer 
for system C consisted of concentration of 0.19M boric acid 
(11.875 g/1) and 0.04M lithium hydroxide (1.6 g/1). The gel 
buffer for system C was prepared by mixing (v/v) 9 parts of 
Tris-citrate [0.05M Trisma base and 0.007M citric acid (1.5 
g/1)] with one part of C-electrode buffer. 
System D or histidine-citric acid (Stuber et al., 1988), 
was used to resolve the enzyme systems for phosphoglucomutase 
(PGM, EC 2.7.5.1) . The electrode buffer for system D had a 
concentration of 0.05M L-histidine (10.088 g/1) and 0.007M 
76 
citric acid (1.5 g/1) . The gel buffer for system D was 
prepared by making a 1:3 aqueous dilution of the electrode 
buffer. Starch gels were prepared following procedures 
described by Stuber et al. (1988) . Systems C and D had starch 
concentrations (w/v) of 12.7% and 13.0%, respectively. Gels 
were left overnight at room temperature and covered with 
polyvinylidene chloride (Saran wrap ®) to avoid dehydration. 
Prior to loading, gels were cooled to 4 °C for 15 minutes. 
Frozen ground-leaf samples were allowed to thaw and Whatman #1 
paper wicks, 1.5mm X 12mm, were used to remove a protein 
sample from the supernatant. Twenty samples were loaded on 
each gel. Once gels were loaded, they were placed in 
electrode trays containing fresh electrode buffer. A bag of 
cool water (4 °C) was placed on the surface of each gel to 
avoid wanning and protein denaturation. Lithium borate gels 
were run for 6 h at a constant power of 12 watts (E C 
Apparatus Corporation Model EC504); whereas, histidine-citric 
acid gels were nm on the same apparatus for 6.5 h at 16 watts 
of constant power. Stain recipes and procedures were taken 
from Stuber et al. (1988) for CAT, GOT, and PGM and from 
Wendel and Weeden (1989) for TPI. 
analysis 
Segregation ratios obtained from Fj families were tested 
goodness of fit to expected Mendelian ratios. Tests for 
independent segregation between pairs of loci cosegregating in 
the same families were conducted to determine if any linkage 
exists between those loci. When appropriate, the computer 
program MAPMAKER v. 3.0 (Lander et al. , 1987) was used to test 
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for independent segregation of the loci under study. 
RESULTS AND DISCUSSION 
A summary of the phenotypic classes resulting from nine 
segregating full-sib families and five segregating selfed 
families for each of the five loci under investigation is 
presented in Table 4. Results provide evidence for the 
genetic basis of the inheritance of Cat, Got-2, Pgm-2, Tpi-1, 
and Tpi-2 in A. foeniculum. Genetic interpretation of the 
data supports the hypotheses that each of these five putative 
loci is controlled by a single gene with codominant alleles. 
In 23 of the 26 tests, each of the segregating loci displayed 
the expected segregant classes in the progenies evaluated. A 
discussion of individual loci is presented below. 
Catalase 
Catalase (CAT)is a ubiquitous hemeprotein that catalyzes 
the dismutation of hydrogen peroxide into water and molecular 
oxygen (Stryer, 1988). Studies on catalase demonstrate 
different metabolic activities among species (Havir and 
McHale, 1989). Gastony and Gottlieb (1982) reported a single 
catalase band in the fern, Pallaea axidromedaefolia. In 
asparagus {Asparagus officinalis) and peach (Pnmus persica), 
Maestri et al. (1991) and Werner (1992), respectively, 
reported catalase as being controlled by a single locus with 
two alleles. In tobacco {Nicotiana tabacum) and maize (Zea 
mays) , three CAT isozymes have been reported to be expressed 
at different stages of plant development and with different 
enzymatic activity (Havir and McHale, 1989; Acevedo and 
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Scandalios, 1991). Up to five tetrameric catalase isozymes 
were reported in cotton (.Gossypium hirsutum) by Ni and 
Trelease (1991). 
Results of the genetic analysis of our families 
segregating for Cat were consistent with a model of Cat 
controlled by a single locus with codominant alleles. 
Heterozygotes produced phenotypes with a smeared banding 
pattern and thus, the structure of the isozyme could not be 
confirmed from this study. Werner (1992) reported that in 
peach, heterozygous individuals of Cat usually showed a 
streaked band intermediate between the homozygotes. An 
illustration of the putative phenotype of individuals of 
different genotypes is presented in Figure 1. 
We analyzed 3 families obtained from self pollination of 
heterozygous individuals for the two most common alleles 
reported for Cat in Ag-astache. Chi-square values for testing 
the 1:2:1 segregation ratio fit the expected segregation 
ratios (Table 4) . Tests for independent segregation of Cat 
revealed no linkage of this locus with the other loci 
evaluated. 
Glutamate-oxaloacetate transaminase 
Glutamate-oxaloacetate transaminase (GOT) , also known as 
aspartate aminotransferase (AAT), catalyzes the reversible 
conversion of L-aspartate and a-ketoglutarate to oxaloacetate 
and L-glutamate using pyridoxal phosphate as a coenzyme 
(Scandalios et al., 1975) . GOT plays an important role in 
transamination reactions, in supplying keto acids for the 
Krebs' cycle and gluconeogenesis, and in mantaining the amino 
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acid balance during growth and development of plant tissues 
(Scandalios et al., 1975). 
Studies of GOT have reported this enzyme as being dimeric 
(Diaz and Jouve, 1986; Scandalios et al., 1975; Gottlieb, 
1973), with as many as 4 loci reported to control GOT in 
plants. Gottlieb (1982) reported that the various GOT 
isozymes are compartmentalized within the cells. Vogelmcinn. 
(1983) reported two Got loci in Agastache, Got-1 and Got-2, 
and concluded that Got-1 is a chloroplastic isozyme and that 
Got-2 is likely cytosolic. 
Genetic evaluation of families segregating for Got-2 
supports a model of single-locus control with codominant 
alleles (Table 4). Each of the three alleles tested (3, 5, 
and 6) codes the production of dimeric isozymes which can be 
inferred from the consistent three-banded phenotypes of 
heterozygotes. Those three alleles were the only alleles of 
Got-2 reported to be present in populations of A. foeniculum 
(Fuentes-Granados and Widrlechner, 1995). 
We evaluated 9 families resulting from crossing 2 
heterozygous individuals and 4 families resulting from selfing 
heterozygotes. Significant variation from expected 
segregation ratios occurred in 2 families originating by 
crossing heterozygote individuals. In those families, there 
was a deficiency of homozygous (5/5) individuals (Table 4), 
with values for an expected 1:2:1 ratio of 8.52 and 6.56, 
respectively. Distorted segregation ratios for Got-2 have 
been reported to occur in hazelnut iCorylus) (Rovira et al., 
1993) and in apple {Malus) (Weeden and Lamb, 1987). This could 
be explained by linkage of the marker locus to deleterious 
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genes or by some direct effect of the deficient allele (Rovira 
et al., 1993; Weeden and Lamb, 1987) . It could also have 
origins in what Kidwell and Kidwell (1976) defined as hybrid 
disgenesis, "a syndrome of correlated genetic traits that is 
spontaneously induced in hybrids between certain mutually 
interacting strains of Drosopblla usually in one direction 
only" because the distorted ratios did not appear in selfed 
families. Another possible explanation for at least one of 
two significant values might be that, with so many tests, 
the probability of at least one value being significant at 
the 0.05 level is high: p (at least one among 13 values are 
significant) = 1 - p(all 13 not significant) = 1 - (0.95)" = 1 
- 0.513 = 0.487. The x^ tests for the other families 
resulting from crossing heterozygous individuals all fit the 
expected segregation values for a 1:2:1 segregation ratio, p-
value >0.05. x^ tests for the three families originating 
from selfing heterozygotes also fit the hypotheses of a 1:2:1 
segregation ratio, p-value > 0.1. No linkage was found 
between Got-2 and any of the other loci evaluated in 
cosegregating families. Figure 2 represents a schematic 
drawing of individuals with different genotypes for Got-2. 
PhosDhoalucomutase 
Phosphoglucomutase (PGM) catalyzes the isomerization of 
glucose-1-phosphate to glucose-6-phosphate by means of 
phosphorolytic cleavage (Stryer, 1988). PGM isozymes had been 
reported to be monomeric with one isozyme located in the 
chloroplast and another in the cytosol (Gastony and Gottlieb, 
1982). Even though most plants have been reported as having 
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two PGM isozymes, some studies have reported the detection, of 
up to four PGM isozymes in Asteraceae. Hashemi and Estilai 
(1992) reported four PGM isozymes occurring in guayule 
{Parthenium) . In two other composite genera, Helianthus and 
Heliomeris, Reiseberg and Soltis (1989) also reported four PGM 
isozymes. They concluded that gene duplication was the reason 
for the existence of those four isozymes. 
In Agastache, Vogelmann (1983) reported two PGM isozymes, 
PGM-1 and PGM-2. He noted that the isozymes are monomers and 
that PGM-1 is chloroplastic, whereas PGM-2 is cytosolic. Our 
analysis of progenies segregating for Pgm-2 supported a model 
of control by a single locus with codominant alleles. We 
tested the two most common alleles of Pgm-2 detected among 11 
populations of A. foeniculum, alleles 4 and 5 (Fuentes-
Granados and Widrlechner, 1995) . Each of the two alleles 
codes the production of monomeric isozymes which can be 
inferred from the consistent two-banded phenotypes of the 
heterozygous individuals (Figure 3). We observed distorted 
segregation in one of the two families evaluated (x^ = 13.75, 
p-value < 0.005) . That family consisted of a deficiency of 
homozygous individuals for Pgm-2(4/4). Distorted ratios for 
PGM isozymes have also been reported to occur in apple and 
other plant species (Weeden and Lamb, 1987; Rovira et al., 
1993) . Linkage of the 4 allele to deleterious factors or 
hybrid disgenesis are possible explanations for the distorted 
ratio. Analysis of the other family fit the hypothesis of 
Pgm-2 being controlled by one gene with codominant alleles. 
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Triose ph9§ptiat^g isomerase 
Triose phosphate isomerase (TPI) catalyzes the 
isomer! zation of dehydroxyacetone phosphate and 
glyceraldehyde-3-phosphate, two three-carbon phosphorylated 
sugars that are intermediate and necessary products in 
glycolysis, gluconeogenesis, and photosynthetic carbon dioxide 
formation (Stryer, 1988; Gottlieb 1982) . Two isozymes of this 
enzyme have been reported in species of Aster, Lycopersicon, 
and Sallcoznia. (Gottlieb, 1982). The enzyme has been reported 
to be a dimer. Senechal (1990) successfully utilized TPI for 
his studies on Agastache to determine the parentage of 
interspecific hybrids. 
Segregation analysis of families segregating for Tpi-1 
and Tpl-2 supported a model of control by two independent loci 
with codominant alleles. For both loci, we tested the two 
most common alleles (5 and 6) . Each allele codes the 
production of dimeric isozymes, which can be inferred from the 
consistent three-banded phenotypes of the heterozygote 
individuals (Figure 4). 
None of the three families segregating for Tpi-1, nor any 
of the seven families segregating for Tpi-2, presented 
distorted segregation ratios. Level of significance for the 
tests analyzing all of those families were greater than 0.1. 
Our results support the hypotheses of each of the 5 loci 
studied is controlled by a single gene with codominant 
alleles. With the exception of catalase, the quateimary 
structure of the isozymes coded by Got-2, Pgm-2, Tpi-1, and 
Tpi-2 were also demonstrated to be in accordance with 
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hypotheses tested. More generally, our results also confirmed 
the genetic behavior of A. foeniculum, which had been reported 
to be that of diploid species. 
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Lanes 12 3 
Figure 1: A) Schematic drawing of putative phenotypes of 
individuals with different genotypes for Cat. Lanes 1 and 3 
represent homozygous individuals for alleles 5 and 3, 
respectively. Lanes 2 illustrates the phenotypes of 
heterozygous individuals. B) Scanned photograph of a catalase 
gel. Lanes 1, 2, and 3 shows the phenotypes of individuals 
with Cat genotypes (5/5), (3/5), and (3/3) , respectively. 
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(5/5) 
Lanes 1 2 3 4 5 
B) 
Lanes 12 3 
Figure 2: A) Schematic drawing of phenotypes of individuals 
with different genotypes for Got-2. Lanes 1, 3, and 5 
represent homozygous individuals for alleles 6, 5, and 3, 
respectively. Lanes 2 and 4 represent heterozygous 
individuals, 5/6 and 3/5, respectively. B) Scanned photograph 
of a Got gel. The top band illustrates the phenotypes of 
individuals homozygous for Got-1 (5/5), not discussed in this 
study. Lanes 1, 2, and 3 in the lower zone represent the 
phenotypes of individuals with Got-2 genotypes (5/5), (5/6), 
and (6/6), respectively. 
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A 
Lanes 12 3 
Figure 3: A) Schematic drawing of phenotypes of individuals 
with different genotypes for Pgm-2. Lanes 1 and 3 represent 
homozygous individuals for alleles 5 and 4, respectively. 
Lane 2 represents a heterozygous individual. B) Scanned 
photograph of a Pgm gel. The top band illustrates the 
phenotypes of individuals homozygous for Pgm-1 (5/5) , not 
discussed in this study. Lanes 1, 2, and 3 of the botton rows 
represent the phenotypes of individuals with Pgm-2 genotypes 
(5/5), (4/5), and (4/4) , respectively. 
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A) 
Tpi-1 
(5/5) 
B) 
Tpi -2 
Lanes 1 
(5/5) 
Lanes 1 2 
Figure 4: A) Schematic drawing of observed phenotypes of 
individuals with different genotypes for T^i-l and Tpi-2. 
Lanes 1 and 3 represent homozygous individuals for alleles 6 
and 5, respectively, at both loci. Lane 2 represents 
heterozygous 5/6 individuals at the two loci. B) Scanned 
photograph of a Tpi gel. The top band illustrates the 
phenotypes of homozygous individuals for Tpi-1 (5/5) . Lanes 
1, 2, and 3 in the lower zone illustrate the phenotypes for 
individuals with Tpi-2 genotypes (5/5), (5/6), and (6/6), 
respectively. 
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Table 1: Origin of the accessions of A. foeniculum used in 
the study. 
A. foeniculum 
A. foeniculum 
A. foeniculum 
A. foeniculum 
A. foeniculum 
Aggessign # 
PI-561057 
PI-561058 
PI-5S1059 
PI-561061 
PI-561063 
Origin 
wild: Barnes Co., ND 
Wild: Cass Co., MN 
Wild: Hennepin Co., MN 
Wild: Las Animas Co.,CO 
Wild: Manitoba 
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Table 2: Isozyme genotypes of parents and their offspring 
fivg p<?lym<?rphig 
Individual <?<??: Tpi-1 Tpi-S 
PI-561059 5/5 6/6 5/5 5/5 5/6 
PI-561061 3/3 5/5 5/5 5/5 5/5 
Fi hybrids 3/5 5/6 5/5 5/5 5/5 & 5/6 
PI-561057 5/5 5/5 4/5 5/6 5/5 
PI-561063 5/5 3/3 5/5 5/5 5/5 
Fi hybrids 5/5 3/5 4/5 & 5/5 5/5 & 5/6 5/5 
PI-561058 5/5 5/5 5/5 5/5 5/5 
PI-5e2059 5/5 6/6 5/5 5/6 5/6 
Fi hybrids sis 5/6 5/5 5/5 & 5/6 5/5 & 5/6 
PI-561057 5/5 5/5 4/5 5/6 5/5 
PI-561058 5/5 5/5 5/5 5/5 5/5 
Fi hybrids 5/5 5/5 4/5 & 5/5 5/5 & 5/6 5/5 
^Terminology follows Fuentes-Granados and Widrlechner (1995) . 
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Table 3: Parental origin of the P.. families. 
amily Pargntagg 
1 - 3  P I - 5 6 1 0 6 1  X  P I - 5 6 1 0 5 9  f u l l - s i b  
4 PI-561063 X PI-561057 P^ full-sib 
5 - 9  P I - 5 6 1 0 5 9  X  P I - 5 6 1 0 5 8  P ^  f u l l - s i b  
10 - 12 PI-561061 X PI-561059 selfed 
13 PI-561063 X PI-561057 P^ selfed 
14 PI-561057 X PI-561058 P^ selfed 
94 
Table 4: Observed F2 segregation, ratios and statistics for 
the segregating families. 
X^ for 1:2:1 
Locus Pamilv F" seareaation Segregation P-value 
1Z5 5Z5 
Cat 10 12 : 26 : 12 0.08 0.95-0.975 
Cat 11 15 : 22 : 7 2.90 0.1 - 0.25 
Cat 12 13 : 23 : 14 0.36 0.75 - 0.90 
5/5. 5/5 6/6 
Got-2 1 5 : 16 17 8 .52 0.01-0.025* 
Got-2 2 7 : 16 5 0.85 0.95-0.975 
Got-2 3 1 : 7 7 4.87 0.05-0.1 
Got-2 5 7 : 9 4 1.1 0.5-0.75 
Got-2 6 11 : 19 6 1.5 0.25-0 .5 
Got-2 7 6 : 22 8 2.0 0.25-0.5 
Got-2 8 10 : 17 6 1.0 0.5-0.75 
Got-2 9 2 : 9 6 1.94 0.25-0.5 
Got-2 10 13 : 24 13 0.08 0.95-0.975 
Got-2 11 10 : 17 12 0.85 0.5-0.75 
Got-2 12 9 : 22 10 0.18 0.9-0.95 
IZI 213. 5/5 
Got-2 4 9 : 17 : 1 6.56 0.025-0.05* 
Got-2 13 4 : 15 : 3 3.0 0.1-0.25 
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Table 4: (continued) 
1/4. 
Pgm-2 4 5 10 : 20 13 .75 0 .005-0.001** 
Pgm-2 14 8 9 : 2 3.84 0 .1-0.25 
5/5 51s. &I3. 
Tpi-1 5 4 11 : 5 0.3 0 .75-0.90 
Tpi-1 14 6 a : 5 0.58 0 .5-0.75 
Tpi-2 5 6 9 : 5 0.3 0 .75-0.90 
Tpi-2 8 7 19 : 7 0.76 0 .5-0.75 
Tpi-2 9 6 9 : 2 1.94 0 .25-0.50 
Tpi-2 10 8 31 : 11 3 .24 0 .1-0.25 
Tpi-2 12 16 19 : 15 2.71 0 .1-0.25 
Tpi-2 13 5 12 : 5 0.19 0 .9-0.95 
* -kit 
r denotes statistical s igni f icance at the a = 0.05 and 
0.01 levels. respectively. 
96 
CHAPTER 5. INHERITANCE OF ANTHOCYANIN PRODUCTION AND MALATE 
DEHYDROGENASE ISOZYMES IN AGASTACHE RUGOSA (FISHER & MEYER) 
KUNTZE 
A paper published in HortScience, Volume 32, 
pages 733-734, 1997 
Roger G. Fuentes-Granados and Mark P. Widrlechner 
ABSTRACT. This study was conducted to determine the 
inheritance of anthocyanin production and of malate 
dehydrogenase banding patterns in A. rugosa. Results of the 
study support the hypothesis that anthocyanin production is 
controlled by a single dominant gene, designated as A, for 
anthocyanin production. The Mdh-3 banding patterns are 
controlled by two alleles, each of which associated with a 
two-banded phenotype. A monomeric quaternary structure of 
MDH, which is rather atypical among plant species, can be 
inferred from the results. No linkage was found between the 
loci governing anthocyanin production and Mdh-3 banding 
patterns. This is the first report of heritable variability 
in A. rugosa. 
INTRODUCTION 
Agrastache rugosa is native to Asia, where it has been 
used for culinary and medicinal purposes (Itokawa et al., 
1981). Agastache is a candidate for large-scale, domestic 
cultivation as a source of nectar for honey bees (Ayers and 
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Widrlechner, 1994), and as an aromatic plant containing 
essential oils, such as methylchavicol and linalool, which are 
important to the flavoring and perfume industries (Charles et 
al., 1991; Mazza and Kiehn, 1992; Nykanen et al., 1989; 
Svoboda et al., 1995; Wilson et al., 1992). 
Aga.sta.che mgosa is an autogamous species evidently with 
little genetic diversity (Charles et al., 1991; Vogelmann, 
1985; Vogelmann and Gastony, 1987; Wilson et al., 1992). 
Fujita and Fujita (1973) have, however, reported significant 
variation in the composition of the essential oils of a novel, 
high methyleugenol variant of this species. Fuentes-Granados 
and Widrlechner (1995) observed variability in the malate 
dehydrogenase iMdh-3) locus [genie nomenclature following 
Fuentes-Granados (1993)], and in anthocyanin production 
(purple-flowered wild type vs. white-flowered variant) in a 
single accession of A. rugosa. In that study, the genetic 
control for these phenotypes was not elucidated. Therefore, a 
study was designed to determine the inheritance of variation 
at Mdh-3 and the genetic control of anthocyanin production in 
A. rugosa. 
MATERIALS AND METHODS 
Forty plants of A. rugosa (PI-593730) were grown from 
seeds obtained from the USDA/ARS North Central Regional Plant 
Introduction Station (NCRPIS), Ames, Iowa. The NCRPIS 
received this sample from the Apiculture Department of the 
Institute of Fruit Growing and Floriculture in Puiawy, 
Poland. Controlled reciprocal crosses were made between two 
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plants of PI-593730 with the following phenotypes: one with 
purple corollas (anthocyanin production) and four isozyme 
bands for Mdh-3 and the other with white corollas (lack of 
anthocyanins) and two isozyme bands for Mdh-3. Selected Px 
plants were self pollinated to obtain Fj families. 
About 1 cm^ of leaf tissue was removed from the youngest 
leaves of each seedling and held at 2-4 °C until 
experimentation. Leaf tissue (20 mg) was placed in an 
Eppendorf tube with 100 of the extraction buffer 
consisting of 0.1 mol-L"^ Tris-HCl (pH=8), 0.02 mol-L"^ 
dithiothreitol, 0.2 % (vol/vol) 2-mercaptoethanol, and 20% 
(m/vol) polyvinylpyrrolidone (Fuentes and Widrlechner, 1995). 
Samples were immersed in an ice bath, ground for 1 min with an 
electric grinder (Cole Parmer Model 4555-30, Cole Parmer, 
Chicago) , microcentrifuged at 5 °C for 90 s, and stored in a 
freezer at -80 °C for 24 h. 
The preparation, electrophoresis, and staining of starch 
gels for analysis of MDH isozymes were conducted according to 
Stuber et al. (1988) . Potato starch (64 g; Sigma, Saint 
Louis) and 15 g of sucrose were mixed in a Erlenmeyer flask 
and dissolved in 500 mL of gel buffer D (Histidine/Citric 
Acid, pH 6.5) . The gel buffer is a 3:1 dilution of water to 
electrode buffer (0.65 mol-L"^ Histidine/0.007 mol*L"^ citric 
acid, pH 6.5). 
To score the variants of this enzyme system, Mdh~l was 
used to designate locus coding the most anodal isozyme (Rf = 
1) , Mdh-2 the locus coding the second most suaodal isozyme (Rf 
= 0.75), Mdh-3 the locus coding the third most anodal isozymes 
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(Rf = 0.63 and 0.69 for the two bands of the Mdh-3 (1) allele 
and Rf = 0.49 and 0.56 for the bands of the Mdh-3 (2) allele), 
and Mdh-4 the locus coding the slowest migrating isozyme (Rf = 
0.31). With the exception of Mdh-3, all the other loci 
evaluated in A. rugrosa have been observed as being monomorphic 
(Fuentes-Granados and Widrlechner, 1995) . In the present 
study, Mdh-1 and Mdh-2 are known to code for dimeric proteins 
based on the banding patterns of interspecific Agastache 
hybrids (Fuentes-Granados and Widrlechner, 1995). Putative 
alleles Mdh-3 (1) and Mdh-3(2) were identified, scored, and 
photographed. 
RESULTS AND DISCUSSION 
The Fx progeny of the original crosses comprised 3 8 
individuals, 23 having two bands for Mdh-3 and 15 having four 
bands. The observed phenotypes did not deviate significantly 
from a 1:1 expected ratio for F^ progeny resulting from a 
cross between a heterozygote and a homo zygote (Yates-corrected 
X^= 1.29 with 1 d.f.) . In the F^ generation, 21 plants 
produced no anthocyanin and 17 were pigmented. The 
segregation for pigmentation did not deviate significantly 
from the expected 1:1 ratio (Yates-corrected = 0.11 with 1 
d.f.). Evaluation of an F2 population derived by selfing 
three pigmented plants each with four bands resulted in 47 
pigmented plants and 11 plants lacking anthocyanin. Color 
intensities were similar among the 47 pigmented plants. A 
chi-square test for fit to a 3:1 segregation of a dominant 
single allele for anthocyanin production indicated that this 
I 
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trait is controlled by a single dominant gene, which we 
designate as A, for anthocyanin production (Yates-corrected 
0.83 with 1 d.f.) -
In the same F2 population, the phenotypic ratio was 12 
plants with two fast bands : 33 plants with four bands : 13 
plants with two slow bands for the Mdh-3 locus. Their 
phenotypes fit a 1:2:1 ratio expected for a banding pattern 
controlled by a single codominant gene (Yates-corrected 
0.77 with 2 d.f.) . Thus, banding patteims at Mdh-3 are 
controlled by two alleles, each associated with a two-banded 
phenotype. Tests for independence between anthocyanin 
production and Mdh-3 banding patterns indicated that they are 
not linked (Yates-corrected x^= 0.28 with 3 d.f. and 0.27 
with 5 d.f. for the and F2 generations, respectively) . This 
is the first report of polymorphism for genes encoding 
isozymes in A. rugosa. 
Selfing of putatively heterozygous individuals resulted 
in progeny with two fast migrating bands or two slow migrating 
bands (homozygous for each allele) , or four-banded phenotypes 
(heterozygous) (Figure 1) . Bands resulting from intralocus 
heteromers were absent in heterozygous individuals. This 
absence would be consistent with a monomeric quaternary 
structure of the isozymes encoded by Mdh-3. This quaternary 
structure differs from the dimeric quaternary structures of 
the isozymes encoded by Mdh-1 and Mdh-2 of Agastache described 
by Fuentes-Granados and Widrlechner (1995). Having genes 
encoding monomeric and dimeric isozymes, although rare, is not 
unique to A. rugosa. In maize (Zea mays L.), acid phosphatase 
101 
(E.C. 3.1.3.2) and diaphorase (E.G. 1.6.4.3) have been 
described as being governed by genes encoding both monomeric 
and dimeric isozymes (Goodmcin cind Stuber, 1983; Wendel et al., 
1987) . Another notable feature of Mdh-3 is the two-banded 
phenotype associated with each of the two alleles detected in 
this population. Similar enzyme systems, having two bands 
associated with a single allele, have been reported for 
shikimate dehydrogenase (Wendel et al., 1987). 
Because the inheritance of anthocyanin production is 
controlled by a single gene, development of a population of A. 
rugosa fixed for white flowers is possible. This variant is 
quite attractive and could be used for cut flowers or annual 
display plantings. 
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Figure 1: A) Schematic drawing of the MDH banding patterns 
observed in A. rugosa. Each allele Mdh~3 (1) and Mdh-3 (2) 
encodes the production of two bands. The most cathodal 
zygomorph of each pattern is coded for by a putative Mdh-4 
locus. B) Photograph of MDH banding patterns observed in A. 
rugosa. Lanes 1 and 2 show the homozygous pattern of Mdh-
3 (1/1) . Lanes 3 to 8 show the heterozygous pattern of Mdh-
3 (1/2) and lanes 9 and 10 show the pattern of Mdh~3 (2/2) . All 
lanes exhibit the invariant band encoded by Mdh~4. A faint, 
more cathodic, third band in lanes 1, 2, 9, and 10 was often, 
but not consistently, expressed in some phenotypes. 
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CHAPTER 6. GENERAL CONCLUSIONS 
In my study of the inheritance of aromatic compounds in 
Agastache foeniculum, results from statistical analyses 
support the hypotheses that production of myrcene, limonene, 
and methylchavicol are controlled by single genes with at 
least partially dominant alleles for their production. It was 
not possible to determine the number of alleles that might 
effect high production of this compounds. Statistically 
significant correlations were observed in the production of 
those compounds, but they had low correlation coefficients. 
The amount of aromatic compounds produced by leaves was 
significantly lower than the amount of aromatics produced by 
flowers. I detected significant differences in the total 
amount of volatiles produced by plants of specific families, 
but total production of aromatic compounds in plants is 
conditioned by several factors and conclusions about which 
families produce the most aromatic compounds should not be 
drawn before conducting additional experiments, investigating 
the role of environmental effects. 
Results of my study of the genetic control of isozyme 
banding patterns in A. foeniculum support the hypothesis that 
each of the 5 loci studied is controlled by a single gene with 
codominant alleles. With the exception of catalase, the 
quaternary structure of the isozymes coded by the studied 
alleles of Got-2, Pgm-2, Tpl-1, and Tpi-2 were also 
demonstrated to be in accordance with hypotheses tested. More 
generally, our results also confirmed the genetic behavior of 
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A. foeniculum, which had been reported to be that of diploid 
species. 
Results of rny study on the inheritance of anthocyanin 
production and Mdh-3 banding patterns support the hypothesis 
that anthocyanin production is controlled by a single dominant 
gene, designated as A, for anthocyanin production. The Mdh-3 
banding patterns are controlled by two alleles, each of which 
associated with a two-banded phenotype. A monomeric 
quaternary structure of MDH, which is rather atypical among 
plant species, can be inferred from the results. No linkage 
was found between the loci governing anthocyanin production 
and Mdh-3 banding patterns. 
This is the first report of heritable variability in A. 
rugosa. Because the inheritance of anthocyanin production is 
controlled by a single gene, development of a population of A. 
rugosa. fixed for white flowers is possible. This variant is 
quite attractive and could be used for cut flowers or annual 
display plantings. 
At present, most cultivation of Agastache is restricted 
to home gardening or small commercial operations. As the 
demand for natural products increases and research on the 
value and uses of Agastache becomes more available, there may 
be a potential market for growing Agastache species on a 
larger scale. 
There are clearly limitations to the large-scale 
cultivation of Agastache species, but as many limitations as 
there are for cultivating Agastache commercially, there are 
opportunities for its improvement. Plant breeding has played 
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a major role in improving populations of existing crops for 
characteristics of interest to humans. There is genetic 
variability among and within species and populations of 
Agastache that can be used for the genetic inprovement of 
populations of Agrastaciie to increase vegetative and/or oil 
yields, to improve winter hardiness, disease resistance, or 
develop populations with specific chemotypes. As the world' 
population grows and the need for more food and medicine 
increases, we can use and improve one of mother nature's 
gifts, Agastache, to help meet those needs. 
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APPENDIX A. MAKING CONTROLLED CROSSES IN AGASTACHE 
Crossing Agastache plants is a process that, after 
selecting the female and male parents, takes three days to 
complete. On day one, the opened florets from inflorescences 
are manually removed with the assistance of forceps. On day 
two, the florets, from which the style and stamens have 
emerged, are emasculated. Care should be taken when 
emasculating because of the ease of removing the entire floret 
when trying to remove the stamens. At this time, the anthers 
have not dehisced and the stigma is not receptive, greatly 
reducing the chance that the stigma would receive pollen of 
the same floret. It is important to ensure at this time that 
there is a source of viable pollen for next day. This is 
usually not a problem because there are plenty of florets in 
each inflorescence and production of pollen in each anther is 
high; however, it should not be taken for granted. On day 
three, stamens that have recently dehisced are collected and 
brushed on receptive stigmas. Receptivity coincides with the 
opening of the stylar tip into two distinct lobes. 
Successful pollinations can be detected on day four when 
the pollinated florets dry out and their corollas close. If 
pollination is not effected, on the other hand, the florets 
would remain fresh. It takes three to four weeks for seeds to 
mature. There are usually four seeds per floret. One should 
constantly check the inflorescences for new florets and remove 
them because they can contaminate the crosses. 
Selfing of Agastache requires the removal of any open 
florets from the inflorescences and then bagging the 
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inflorescences. Com shoot bags (Lawson 217, Lawson, P.O. Box 
8577, Northfield, XL 60093) are appropriate for bagging 
Aga.sta.che inflorescences in both greenhouse and field 
plantings. 
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APPENDIX B. STANDARDIZED GAS CHROMATOGRAPHIC DATA 
Table B-1: Content of myrcene, limonene, methylchavicol, and 
total volatiles in individuals from family 1, cross PI-561061 
X PI-561059 (Standardized data, integration units per gram). 
Pi^nt Myrc?n§ M?thylQhavi(?9i 
12 812 4750 61402 70019 
14 7798 42593 47426 127529 
15 20951 64058 34056 142180 
16 3935 18765 23513 56490 
17 1705 8408 16871 36880 
18 53309 163751 26162 326382 
19 5293 209639 10928 331221 
20 29030 146825 15688 242963 
21 5774 32797 15343 69849 
23 4851 34095 24049 75424 
24 0 4622 15142 21506 
25 12391 49673 12820 85748 
26 5665 36757 50265 111933 
27 10740 44742 13662 82321 
31 0 867 553 1420 
33 4415 26243 54535 94871 
35 1860 10461 25133 41763 
36 1973 12233 38427 58408 
38 0 1668 7427 9727 
39 1185 7111 14592 24413 
40 1538 9132 36404 65232 
41 11982 84007 8205 131487 
42 1530 14797 14476 41057 
43 11331 34382 6763 62998 
44 2050 11675 23638 43810 
45 6438 24900 5257 40525 
46 5819 46781 380278 459878 
47 3513 20421 57720 89627 
48 3364 22646 46160 78987 
49 1785 12300 39336 60353 
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Table B-2: Content of rnyrcene, limonene, methylchavico 1, and 
total volatiles in individuals from family 2, cross PI-561061 
X PI-561059 (Standardized data, integration units per gram) . 
Plant Mvrcene Limonene Methylchavicol VQl^tjl^g, 
50 773 4290 15504 20569 
51 3147 20227 56146 86008 
53 2693 17801 22234 48391 
54 3396 18983 75523 104821 
55 2189 17910 53640 80175 
56 1183 6299 61591 85658 
57 1591 11600 79258 106025 
58 1230 8897 39255 58089 
59 0 2619 18035 26172 
60 676 4454 22589 34260 
61 1634 10190 88772 107358 
62 1683 8569 48704 66750 
63 758 5873 29903 38535 
64 952 5394 10555 17732 
65 827 5788 47667 56930 
66 985 6549 12380 22101 
67 988 7039 60992 72647 
69 3726 18597 35461 64224 
70 3639 22916 119200 159855 
71 2659 17291 528644 188167 
72 2297 27640 63669 100231 
73 4923 29569 56979 97485 
74 3990 27529 72943 119618 
75 1251 7272 3163 13186 
76 6628 36928 102480 160950 
77 0 2828 6950 11839 
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Table B-3: Content of tnyrcene, limonene, methylchavicol, and 
total volatiles in individuals from family 3, cross PI-561061 
X PI-561059 (Standardized data, integration units per gram) . 
78 2361 8130 28824 56640 
79 4660 14793 22664 55861 
80 816 4576 18800 28946 
81 13408 35585 5540 61168 
82 4442 20033 32031 63788 
83 825 4549 26601 35997 
85 2200 17047 20488 43878 
86 12203 56879 19169 100400 
87 4533 27755 31624 70393 
88 1752 11156 14704 31999 
89 1253 8012 12091 23284 
90 4309 13073 12495 38337 
91 2205 8305 11246 26477 
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Table B-4: Content of myrcene, limonene, methylchavico 1, and 
total volatiles in individuals from family 4, cross PI-561063 
X PI-561057 (Standardized data, integration xinits per gram). 
Plant Myrcene irfimgngng Tptal vglatiigg 
93 6551 2127 3306 15219 
94 2977 4928 13726 28203 
95 651 1461 10502 17358 
96 0 1001 7119 9788 
97 0 0 5973 7142 
98 5028 2149 5494 19921 
99 2373 1841 4788 11301 
100 0 0 4540 5052 
101 1696 1942 8204 18028 
102 753 1022 6055 10509 
103 1284 2063 7946 18483 
104 12865 3213 7041 30860 
105 1111 0 7445 12034 
106 660 462 4695 7606 
107 1767 1691 9354 22335 
108 430 383 975 2219 
109 0 0 4191 4813 
110 0 0 8980 9699 
112 1045 2624 10138 28616 
113 806 1029 1632 7377 
114 704 949 5022 21371 
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Table B-5: Content of rnyrcene, limonene, methylchavicol, and 
total volatiles in individuals from family 5, cross PI-561063 
X PI-561057 (Standardized data, integration units per gram). 
Plant Myrcgng Lim<?ngng Methylch^vicQl TQtal VQlatiXgg 
115 496 585 4674 12171 
116 586 782 2615 5632 
118 0 523 4709 12354 
119 0 0 3652 7672 
121 0 0 995 3122 
122 0 503 1823 8347 
123 0 0 785 785 
124 0 0 2256 2256 
126 0 0 2877 3589 
127 0 0 6092 9137 
129 7678 15794 7559 58171 
130 0 935 2804 3740 
133 1904 6797 3532 18543 
134 0 831 3204 4035 
136 0 2273 3985 6984 
140 0 1147 3692 4780 
141 0 1688 5482 8038 
142 0 1169 2427 3595 
143 0 833 2854 3688 
144 1239 0 6506 28145 
145 2669 6156 2883 40423 
147 5056 7978 6918 52187 
149 10632 24037 7377 84529 
150 5557 17196 1484 57196 
151 615 2740 1959 19528 
152 2349 5517 4359 25904 
153 533 1557 2564 9950 
154 775 1495 46341 58152 
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Table B - 6 :  Content of myxcene, limonene, methylchavicol, and 
total volatiles in individuals from family 6, cross PI-561059 
X PI-561058 (Standardized data, integration iinits per gram) , 
Plant Myrcene Limonene Methylchavicol 
191 1734 12102 4109 18915 
192 3960 23115 0 53718 
199 3508 5324 2977 21507 
204 11769 9191 2472 33904 
206 3388 2355 0 8702 
208 14209 1085 1137 22400 
212 20232 11172 869 39757 
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Table B-7: Content of myrcene, limonene, methylchavicol, and 
total volatiles in individuals from family 7, cross PI-561059 
X PI-561058 (Standardized data, integration units per gram). 
Plant Myrcene Methylchavicol Total Vola 
213 14940 10441 620 41171 
214 41742 1302 1783 70105 
215 14750 7377 1551 37554 
216 4235 720 939 7161 
217 2886 1734 1758 12835 
219 22010 4867 3587 39308 
220 3676 5103 4508 21304 
222 6818 6015 3424 28860 
223 2647 6683 1609 18545 
224 3004 4123 1294 12933 
229 11051 1777 3872 27023 
235 1249 3658 2078 10810 
236 6253 6303 2202 21631 
237 6280 23411 1924 47853 
238 6287 6440 1270 19120 
239 1358 4730 632 10437 
240 9633 2161 899 17403 
241 19559 20921 3225 64395 
242 16596 75986 5529 179605 
246 19831 14822 663 49222 
247 17798 13158 1790 46960 
253 4106 1587 531 8076 
258 1823 4526 0 9005 
260 1333 1153 1295 5283 
261 2167 0 0 3072 
262 1963 2356 1340 7600 
263 2055 2103 2195 10917 
264 737 1947 1208 4607 
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Table B-8: Content of myrcene, limonene, methylchavicol, and 
total volatiles in individuals from family 8, cross PI-561059 
X PI-561058 (Standardized data, integration units per gram). 
Plant Myrcene Limonene Methvlchavicol TQtal 
301 43024 12998 2214 66644 
305 1657 802 2105 6540 
306 3418 111 1446 8013 
307 11147 4695 951 18789 
309 37033 13749 1628 55738 
310 42164 14053 986 108107 
315 33537 9275 0 45328 
317 35049 12720 2444 56078 
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